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C4PTER I. INTO C.TION

A. PURPOSE, SCOPE, AND ARdWAialENT OF TE jMANU

1. Purpose and Scope

The Redox Technical Manual has been prepared to provide a documenta-

tion of the fundamental technical bases for the process as well as a de-

scription of the gerieral features of the Redox production facilities at

Hanford Works. The manual is intended for use as a means for training

and educating personnel unfamiliar with the process and as a process hand.

book and teference for the idM5 'of personnel responsible for the operation

of the plant.

The material contained ii this manual was assembled by members of the

Chemical Developmdnt Section .Sepa rations Technology Division, between

September 1950 aiid April 1951.

2. Arrang nt

The manual is divided into five parts and an appendix as follows:

Part.. Title

I Introduction
II Process

III Plant and Equipment
IV Process. Control

V Safety
Appendix A Nueleonics

Part I contains a summary of general information on the plant and

process, designed to provide the reader with a synoptic view as an aid in

understanding the subsequent parts.

Part II contains a step-by-step description of the process 
with

statements and discussions- of the scientific and engineering principles

involved, and outlines of procedure, including remedies for any off-
standard conditions.

Part III describes the plant layout ,'equipment arrangement, and in-

dividual equipment pieces.

Part IV describes the instruments and analytical methods used for

process control.

Part V describes process hazards and the methods used to safeguard

against them.

The appendix contains some nucleonics background information, de.

signed to help orient the reader in this comparatively new field.

-asm DECLASIFIED
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Each part contains one or more chapters. A total of twentyfivechapters is included n thc five parts. Pages are numbered to designatethe chapter number .e., Chapter I page numbers begini with 101, ChapterII with 201, etc.). A table of. contents is listed on the first page ofeach chapter, Figures and tables are located at the end of each chapterand are numbered in one series for each chapter (e.g., Table I-.1 Figure12:2 Figure 1-3, etc.). References to material containing more detailedinformation on specific points are listed at the end of each chapter,just before the figures and tables.

A subjoct index, in alphabetical order, is included in the back ofthe manual for quick reference to specific points.

B. FUNCTION OF THE PLANT

1. flsign Basis

The function of the Rudox Plant is the recovery of plutonium anduranium from uranium slugs irradiated in the Hanford piles. The func-tion involves the separation of plutonium and uranium from each otherand from the radioactive fission products formed in the slugs, This isaccomplished by a solvent-extraction process,

The plant is designed for an average uranium production rate of 1to 2.5 short tons per day and an average plutonium production rate ofgrans-per day. The raxtamn instantaneous production rates used asThe design basis are based on an assumed 80% operating time efficiency,i.e., 2C down time for repairs, maintenance, etc. Thus the maximuminstantaneous desigp production capacities are 3.125 short tons per dayfor uranium andc-in s per day for plutonium. Actual instantaneousplutonium production rates as high as= grams per day (at uraniumproduction rates of up to 3.125 short tons per day) may be attainablewith minor modiications of operating procedure; and rates as high as4 tons of uranium and grams of plutonium per da may be attainablewith some relatively minor equipment revisions.l)2

The plant is dusigned to reover at least 98 to 99% of the plutoniumand uranium in the irradiated slugs processed',

2. Food Material

The feed to the Redos Plant consists of irradiated uranium slugsfrom the Hanford piles. The slugs are uranium cylinders 4.00 incheslong and 1.36 inches in diameter, encased in thin aluminum jackets or"cans". Between discharge from the piles and entry into the Redox-Plantthese slugs are stored for about d to 90 days to permit "cooling",i.e., radioactive decay of fission products. As received in the RePlant the irradiated slugs have a plutonium content of about (30 9grams per short ton of uranium depending on the number of megawatt-daysof pile irradiation received by the slugs. The beta radioactivity dueto fission products in the slugs is 0.1 to 0.5 (theoretical) curies per

DECLASSIFED
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gram of, uranium, and the gamma radioactivity 0.07 to 0,h curies per gram.

The exact specific radioactivity of the slugs is a function of their

irradiation and "cooling" history. The specific beta and gamma radio-

activities of slugs irradiated at 400 megawatts for 2.50 days and then

"copled" for 90 days are respectively 0.1 and 0.10 (theoretical) curies

per graja of uranium. The slugs are described and discussed in greater

detail in Chapter II.

3. Plutonium Product

The final plutonium product of the Redox Plant is a plutonium nitrate

solution containing approxinately 10 grams of plutonium per liter and 400
to 600 grams per liter of free nitric acid. The maximum uranium and radio.

active fission-product concentrations in the recovered plutonium solution,

while not firmly established at the time of this writing, are expected to

be approximately as follows:

Uranium. 0.1 weight per cent of the Pu metal

Beta plus gamma radio- x l0-5 (theoretical) curies/g. Pu

activity from fission
products

The codncentration of non-radioactive impurities 
in the plutonium is

expected to be low, the principal impurities 
being aluminum and iron (about

30,000 and 10,.000 parts per million parts of Pu, respectively). The comn-

position-of the final plutonium product 
is discussed in detail in Chapter

VII. Firm dhemical purity specifications for the plutonium producthaye

not been estabiished at the time of this writing, but an appraisal of

present purity requirements plus expected impurity 
removal in subsequent

processing steps indicates that the final product 
will be satisfactory.

4. Uranium Ptoduct

The uranium product of the Redox Plant is a concentrated uranyl

nitrate solution containing approximately 1004 grams of uranyl nitrate

hexahydrate per liter, i.e., 476 g. U/I. At the time of this writing it

is tentatively expected that the specifications 
for the maximum plutonium

and radioactive fissionpr6duct concentrations 
in the recovered uranium

solution will be approximately as follows:

Pu 10 parts per billion parts of U (This
is the expected plant performance, as

opposed to 100 parts per billion given

below for tentative specifications for

Uo3.)

Beta radioactivity 1 x 10-7 (theoretical) curies/g. U

(30% of natural uranium beta)

Gamma radioactivity 5 x 10-8 (theoretical) curies/q. U
(306 of natural uranium gamma)

-om DEClASSIFID m
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The three uranium decontamination cycles will probably reduce theradioactivity in the recovered uranium solution to approximately 10 percent and 100 per cent of the natural uranium beta and gamma activityrespectively.

The principal non-radioactive impurities in the uranium product ofthe Hedox Plant are as follows:

Approximate Concentration,
Parts per Million

Parts of U

HNO3

Sodium

Aluminum

Iron

10,000

400

600

150

The uranyl nitrate solution constituting the final uranium productof the Redox Plant is part of the feed to the Uranium Conversion Plant(224-U Building), where the uranYl nitrate is calcined to uranium tri-oxide (UO3). Tentative specifications for the l3 product are asfollows:

Constituent
or

Property .

Beta activity from
fission products

Gamma activity from
fission products

Pu content

U0 3 content

Sodium content

Phosphate content

Iron content

S, Mo, Cr, W, Si, B, Ni

Water content

Nitric acid content

Particle size

Bulk density

Tentative Specification*

not to exceed 30% of natural uranium

not to exceed 300% of natural uranium

not to exceed 100 p.p.b.

not less than 97% by wt.

not to exceed 1000 p.p.m.

not to exceed 2000p.p.m.

not to exceed 1000 p.p.m.

not to exceed 100 p.p.m. each

not to exceed 0.1%

not to exceed 0.6%

80% through 80 mesh

not less than 3 2

These specifications are at this writing subject toconsiderable 
uncertaityECLAS

4
L.
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C. PRINCIPLES AND OUTLINE OF THE REDOX PROESS

The Redox process is designed to separate uranium and plutonium as

product streams from the fission products with which they are associated

in irradiated uranium slugs. The process is one of solvent-extractiOn,

in which the components are separated from one another by controlling

their relative distribution between aqueous solutions and the immicible

organic solvent, hexone (methyl isobutyl ketone). In the following sub-

sections the basic principles of the process are briefly explained and

the several steps which make up the process are outlined. This section is

intended only as an introduction to the process, more complete information

being contained in Part II (Chapters II through X).

1. Basic Principles

1.1 Properties of uranium of process importance

The Rodox process utilizes the preferential extractability of uranyl

nitrate by hexone to separate uranium from plutonium and the fission-

product elements.

Metallic uranium is soluble in nitric acid to form solutions of

UOa(NO3)2. A fast dissolution rate is favored by high 
concentrations of

nitric acid and high temperatures.

The salts of uranium consist chiofly of two classest (a) the uranous,

U(IV), green in color; and (b) the uranyl UZ0 +2, yellow in color with a

strong greenish fluorescence, Uranrium is capable of existing in other

valence states, but only the tetravalent and hcxavalent 
arc comparatively

stable in aqueous solutions. U(IV) is a strong reducing agent; it there-

fore follows that it is difficult to reduce U02+2 to U(IV). Uo2(N03)2,

the product of uranium metal dissolution 
in nitric acid, is very so uble

in aqueous solutions and in hoxone. When aqueous solutions of uranyl

nitrate are contacted with hexone, the uranium can be made to 
distribute

preferoentially into the organic phase by adding a 
salting agent, aluminum

nitrate, to the aqueous phase. This preferential distribution and the

relative non-reducibility of U02+2 make possible 
the separation of uranium

from plutonium and the fission products in the Redox process.

1.2 Wowrties of plutonium of process importance

The Rodox process utilizes the preferential extractability 
of the

plutonium(IV) and'(VI) nitrates by hcxono and 
the virtual non-oxtractability

of plutonium(III) nitrate to soparato plutonium from uranium and 
the Lisa

sion-product elements.

The metal solution resulting from the dissolution 
of irradiated uranium

slugs in nitric acid contains plutonium with the (IV) 
valence state pro-

vailing.

Solutions of trivalent (bluc..violet), tetravalent (brown-green), pen..

tavalent (colorless), and hexavalent (pink..orangC) 
plutonium have been
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produced. Pu(v) is unstable, and soon disappears by disproportionationto other valence states. Puxin) is more stable than Pu(IT) but in thepresence of air or other oxidants is rather easily converted to Pu(IV).Both the Pu(lY) and (VI) nitrates can be made to distribute prefern-.tially from an aqueous solution salted with aluminum nitrate into hexonein the same manner as U02(N3)2, while the Pu (III) nitrate always favorsthe aqueous phase. This solvent.extractability of the IV and VI valencestates makes possible the separation of plutonium from the fission pro-ducts while the relatively easy reduction of plutonium to the virtuallynon-.extractable III valence state makes possible the separation of plu-tonium and uranium in the fedox process.

1.3 Properties of the ossion prodrcess iportance
The relative non-extractability of the fissionproduct elements byhexone makes possible their separation from uranium and plutonium inthe Redox processi

Fission-product elements important in plant operations are listedin Chapter II, Some of these fission products (I, Xe, Kr, and otherspresent in smaller quantities) are gaseous and are for the most partevolved in the dissolution of the pile metal. The fission products re-maining in the metal solution are, in general, relatively inextractableinto hexone, even whin the aqueous phase contains a salting agent, andthus largely remain in the aqueous phase at the conditions under whichplutonium and uranium are extracted.

One fission product ruthenium, has been found often to limit thedecontamination of uraniui that may be realized by solvent-extractionmethods. Ruthenim may be oxidized by Ul~nO 4 or ozone to the tetroxide(Ru04), which is volatile and may be removed from the metal solutionby sparging the solution udth a carrier gas (e.g., air), Two otherfission products, zirconium and niobium (columbiu)., ar almost quanti-tatively adsorbed on precipitated Hn02 formed by the reduction of Mn0 4and on certain filter-aids. Other fission products are also adnoroed,to a lesser extent, in this manner. In order to improve decontaminationand thus possibly eliminate the need for one or more solvnt-extractioncycles, equipment for ruthenium distillation and zirconium-nobiumscavenging has been incorporated in the Redox Plant feed preparationfacilities.

1.4 Decontamination

As shown on the Mi Th Rodox Plant Chemical Flowsheet (Fig. 1-2)sthe beta and gammacmtting fission products associated with irradiateduranium slugs exposed for 400 megawatt-days/ton are reduced by factorsof 2.3 x 10 and 1.5 x 10, respectively, for uranium and 5 x 106 and1 x 107, respectively for plutonium in the solvent.xtraction criles ofthe Rodox process. The factor by which the concentration of radioactivecontaminants is reduced is termed the "decontamination factor"d.oativwhich can be expressed mathematically as follows:

DECLASSIFIED
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: Radioactivity initi-11y present
Radioactivity present at step in question

Either the gamma or beta radiations may be used as an index 
of the fission-

product radioactivity present, and the decontamination factor thus deter-

mined is called the "gamma D.F." or "beta I. . A logarithmic method of

expressing decontamination factors is also used, and is related to the 1XF.

by the following expressiont

dF e loglo (D.F.)

Therefore, a D.E. of 1C is equivalent to a dF of 5, D.F. of 20 equals dF

of 1.3, etc.

1.5 Simplified flowsheet

Figure I-1 is a simplified flowsheet of the Redox 
process including

the feed preparation, solvent-extraction, solvent treatment, 
and waste

treatment steps. Individual parts of the process are discussed in the

subsections following.

This flowsheet shows the code letters usually used to identify the

solvent-extraction column influent and effluent streams in the Redox

process, such as IAX, 23?, 3EW, etc. The first two letters of this code

identify the solvent-extraction column. The last letter identifies the

stream. Influent stream abbreviations end in F, X, or S, which stand for

feed (uranium or plutonium), extractant, and scrub, respectively. Effluent

stream abbreviations end in P, U, or W, which stand for plutonium, uranium,

and waste, respectively. Effluent streams containing both uranium and

plutonium end only in P. Thus the IAP stream is the effluent stream from

the IA Column containing both uranium and plutonium.

2. Feed Preparation

The purpose of the feed-preparation process is 
to prepare a solution

from pile.irradiatod uranium slugs for feed to the First Solvent-Etraction

Cycle.

The feed preparation process includes the following 
stepst

(a) The aluminum jackets are removed from the irradiated 
slugs by

a solution containing 10% sodium hydroxide and 20% sodium

nitrate, at boiling temperature. The resultant coating re-

moval waste is sent to underground storage 
tanks.

(b) The uranium slugs, containing 
plutonium and fission products,

are then dissolved in 60 per cent nitric acid 
at boiling tem-.

perature. The off-gas formed in the dissolution is passed

through a "silver reactor" where, by reaction 
with silver ni.

trate, the highly toxic radioactive iodine is effectively

removed,

(o) The metal solution from the dissolving step is 
treated, at

near-boiling temperatures, with sodium dichromate, which

wa DECLASSIFIED M
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oxdize; tu, plutonium to the VI valence state. The solutionmay be further treated with potassium permanganate to oxidizethe fud~p rutheniLm to the volatile tetroxide, which may beswept from the solution by sparging with air. The rutheniumis then removed from the off-gas in a caustic scrubbingcolun. Jottoms from this column are routed to undergroundstorage tanks.

(d) After oxidation, the metal solution is centrifuged to removeany solid material which2 may be detrimental to the performanceof the solventextracton columns. Before centrifugationthe solution may be scavenged with Super Filtrol (a filter-aid) or a co-formed manganese dioxide precipitate. Zirconiumand niobium fission products are largely adsorbed on thesescavenging agents and thus removed during centrifugation.The Super Filtrol is added to the solution as a slurry,while manganese dioxide is formed by reducing potassium per-manganate (added during oxidation) with chromic nitrate ormanganous nitrate. The cake from the centrifugation operationmay be either slurriod or dissolved out of the centrifuge bowland is disposed of to underground storage tanks.
(e) The final adjustment of the metal solution to a proper com-position as a feed to the first solvent-extracton column(the IA Column) is made by the addition of a sodium hydroxidesolution to make the fced solution appropriately acid-deficient.*

3. Solventhraction

A number of modified flowshcets have been proposed for the Redoxprocess since the development of the original flowsbeet at the ArgonneNational Laboratory. Typical modifications are the M #4 Flowsheet(Figure 1-2); the A.N.L. June, 194r lowsheet (Figure 1-3); and the0.R.N.L. June, 1949 Flowsheet (Figure 1-4). While theI-V #4 lowsheetserved as the nominal design basis for the Rudox PlantH enough flexi-bility has been built into the plant to make it possible to operate itunder a comparatively wide range of process conditions, including thoseof the A.N.L. and 0.R.N.L. Flowsheots s

The outlino presented under 3.1, 3.2, and 3.3, bolow, is basedprimarily on the MW #4 Flowshcet (Figure -2). Howevr, to a largeextent it also applies to the A..L. and ).R.N.L. }2owsheets. Therelative merits of the alternative flowshuets and the essential differ-ences between them cro summarized under 3.4, below.

An aciddeicient solution is one which would become stoichio--metricany neutral upon addition of nitric acid equivalent to thedeficiency (e.g., an aci 'd-deficient solution designated as "-"?0.2 M HN03 would become stoichiomotrtcaaay neutral upon additionof 0.2 mole of HN03 per liter).
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3.1 First Extraction Cycle DECLASIFIED
The First Extraction Cycle accomplishes the primary separation of the

metal solution into (a) an aqueous plutoniuXa stream, (b) an aqueous uranium

streams and (e) an aqueous strewn containing the bulk of the fission-

product elements.

The feed solution from the Feed Preparation 
Section (IAF) is continu-

ously fed to the intermediate feed point of the IA Colum A counteroul-

rent flow of acidified hexone (IAX) extracts uranium and plutonium, both

in the VI valence state, from the aqueous phase into the organic in the

presence of a salting agent aluminum nitrate, introduced in an acid defi-

cient aqueous solution (IA5) at the top of the column. In this manner,

uranium and plutonium in the organic phase are separated from the bulk of

the fissionprduct elements which are carried into the aqueous effluent.

The organic overhead (IAP.IBF) containing uranium and plutonium is

contacted in the IB Column with a countercurrent flow of slightly acidified

aqueous solution (IBX) containing ferrous sulfamate and aluminum nitrate.

The ferrous sulfamate reduces plutonium to the III valence state,. thus

permitting it to be extracted into the aqueous phase wile uranium continues

to favor the organic phase. The aqueous phase is scrubbed of any uranium

by slightly acidified hexone (IBS) introduced at the bottom of the column.

The aqueous plutonium stream (IEP) is further decontaminated in the Second

and Third Plutonium Cycles.

The uranium in the organic stream from the lB Column (IBI-ICF) is

transferred into the aqueous phase in the IC Column by countercurrent ex-

traction with an aqueous stream. The aqueous effluent (IU)is then

stripped of dissolved hexone, concentrated, and iultaneously adjusted

to the required acid-deficiency in the ICU3 Concentrator. This concentrated

uranium stream constitutes the feed to the Second and Third Uranium Cycles.

3.2 Second and Third Uranium Cycles

The Second and Third Uranium Cycles further decontaminate the uranium

from residual traces of radioactive fission products and plutonium which

carry over with the uranium from the First Extraction Cycle.

The aqueous uranium concentrate (2DF) from the First Extraction

Cycle is fed to the intermediate ered point of the 2D Column. This unit

is operated in the sane annor as the IA Column described above. The

feed stream is contacted with a countercurrent flow of acidified hexone

(21MK) and, scrubbed ith an aqueous acid~deficioflt aluminum nitrate-

ferrous sulfamat. solution (2S)3). The uranium transfers into the haxone

phase and is carried overhuad while traces of fission.product elements

and plutonium leave the bottom of the column in an aqueous stream (2W).

Th'le uraniurn-bcaring hexone stream (2flUJtF) flows directly to the

bottom o the 2F Column, where, just as in the IC Column described above,

uranium is transferred back into the aqueous phase by countercurrent

extraction with an aqueous stream (2E7M).

%low ~ DECtNSSIFIEDwo
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Aga2n ais inthe 1013 concentration described above, the 2E uraniumsraid E is. striped concentrated and adjusted to the requiredacid..deficiency. The concentrated solution (Jfl) may then be fed tothe Third Uranium Cycle if further decontamination is required.

The Third Uranium Cycle serves to decontaminate the uranium solutionstill further from residual traces of the fission..product elements andplutonium and is identical with the Second Uranium Cycle except thatpartial neutralization in the final concentrator is not required. Thefinal concentrated uranyl nitrate solution is shipped to the UraniumConversion Plant for calcination to uranium trioxide (U03) before ship-ment off-site. Ruthenium, zirconium, and niobium decontamination pro-cedures in the Feed Preparation Step, discussed in Subsection 2, above,may make operation of the Third Uranium Cycle unnecessary,
3.3 Second and Third PlutoimCce

* _,toniMgCcles

The function of the Second and Third Plutonium Cycles is to decon.tainate the plutonium adequately from residual traces of the fissionproduct elements which carry over from the First Extraction Cycle.
The aqueous effluent from the IB Column (IBP) contains plutoniumin the Iid valence state. The solution is oxidized by the addition ofnitric acid and sodium dichromate to p ace plutonium in the IV or VIvalence state so that it may be extracted with hexone and thus furtherdecontaminated The oxidized solution (2AF) is fed to the center feedpoint of the 2A Column.

The 2A and 2B Columns as well as the 3A and 3B Columns are operatedin the same naimer as the 2), 2E, 3D, and 3E Columns in the Second andThird Uranium Cycles, except that none of the column feed streams areacid-deficient and no ferrous sulfamate is added to the scrub streams.The aqueous plutonium stream from the 2B Column (29P) is adjusted to the3A Column feed composition by adding alumnum nitrate solution. Be-tcause of its already small flow rate, the 2131 is not concentrated byboiling off water.

The aqueous plutonium stream from the 3g Column (3BP) is concen..trated for shipment to (231 or) 234-5 Building.
3.4 Alternative flowsheets

The arW #4 Flowsheet (Figure L.2), upon which the outline abovewas prinarily based, is only one of the modifications of the Redoxprocess upon which the Redox Plant may be operated. The A.N.L. June,1948 Flowsheet (Figure 1-3) and the O.R.N.L. June, 1949 Flowsheet(Figure 14) represent other feasible modifications. The essentialdifferences between these alternative flowsheets are in the nitric acidconcentrations in the entering streams and in the aluminum nitrateconcentrations in the scrub streams to the uranium decontamination columns(the IA, 21) and 3D Colums), The differences are summarized in thefollowing table:
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Flowsheet

Hi #4

A,N.L. June, 1948

0.R.N.L. June, 19

Concentrations in the IA. 22 a 3Clumn Feed Streams

Aluminum Nitrates, 1 Nitric Acid, M

Scrub Feed Sor.b E.tractant

-0.2 - .0.21.8

1.3

2.049

The major advantages
are as follows:

+0.3

-0.2

0

-0.2

+0.2

+0.5

0

and disadvantages of the alternative flowsheets

Advantages
NLowshee

A.N.L. June, 1948 1.
2.

0,R.N.L. June, 1949

Hw #4

4. -So1vent Treatment

Low Pu losses
most economical
of aluminum ni-
trate

1. High decontamina-
tion per cycle

1. Combines most of
the advantages of'
0.R.N.L. and A.N.L.
Flowshects

Disadvantages

1. Low decontamination
per cycle

1. Possibly higher Pu
losses from the 1A

column
2. Uses the most aluminum

nitrate

1. Waste losses and de-
contamination are
sensitive to minor
variation in stream
compositions

The Organic Recovery Section reclaims used hoxone for recycle to the

process.

All spent hexone streams (from the IC# 2E1 3P 2B. and 3D Columns)

are fed directly from a header to a scrubber column (10) where water or a

2% sodium carbonate solution serves to remove the bulk of the plutonium,

uranium, and fission products which may be present in the hexone. The

overhead from this scrubber is fed to a distillation column, in which, by

distillation and contact with aqueous caustic reflun, the hen is further

decontaminated from uranium, plutonium, and fission products and purified

6f any methyl isopropyl dikotono and organic acids (formed by decomposition

of hoxone) which may be present. Following this distillation the hxonae

may be subjected to further chemical treatment if it is still unsuitable

:b' feed to the extraction columns because of impuritics such as mthyl

isobutyl carbinol. Fresh hoxono is also added to the process at this

-point. The combined fresh and recovered heo=ne is than recycled 
to the

extraction columns. Acid additions to the hexone are made by continuous

line blending just prior to feeding to the columns.
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5. aste Treatment and isposal

The function of the Taste Treatment Section is to treat and segre-gate according to their radioactivities the aqueous waste streams fromthe extraction and distillation columns and concentration vessels andto recover dissolved hexone from these aqueous wastes.

All fission-product wastes from the IA, 2A, 3A3 2D, 3D, 1 h andOrganic Distillatioi Columns are fed to a Waste Concentrator The high-radioactivity bottons from this boil-up vessel, which are concentrated(for storage volie economy) to the highest practical aluminum nitratecontent, are blended with the high-radioactivity wastes from theRuthenium Scrubber and the Laboratory Building (222..S). The resultantsolution is neutralized with caustic before disposal to the mild-.teel..lined underground storage tanks. To avoid rapid corrosion of thesetanks at the low pH of aluminum nitrate aolutiorvsufficient caustic isadded to convert the aluminum nitrate to sodium alurinate.

The overhead from the Waste Concentrator joins the overheads fromthe uranium and plutonium concentrators and flows to the CondensateStripper where hexone is removed and sent to the Organic RecoverySection. The bottoms of this column are then evaporated before beingcribbed as low-radioactivity wastes. The tailings from this evaporation are recycled to the Waste Concentrator.

Jacket removal wastes are sent directly to underground storagetanks,

6. Off-Standard Streams

Provisions have been made in the process design for reworking anyoff-standard streams. Rework methods are necessary for either of twopossible reasons: (a) a waste stream may contain an excessive amountof uranium or plutonium, or (b) a product stream may not be sufficientlydecontaminated from fission products or other impuritices

Waste streams requiring rework may be further subdivided intoaqueous and organic waste streams. The former are handled in the WasteTreatment Section where they are concentrated and adjusted in compositionfor feeding to the IS Column. The IS Column is located in the FirstExtraction Cycle and is functionally identical with the IA Column, exceptthat it is intended primarily for rework.

The organic wastes are treated in the Organic Recovery Section whereany plutonium or uranium is transferred to the aqueous phase in the 10Column. The aqueous effluent from the 10 Column is directed to the WasteConcentrator in the Waste Treatment Section. As before, the rework solu-tion is sent to the IS Column.

Insufficiently-decont anatod uranium or plutonium product streamsare handled in the extraction battry alone. Thus, an off-specificationuraniLm product stream is recycled to the beginning of the Second UraniumCycle. Similarly, an off-specification plutonium stream is recycledeither to the beginning of the Second Plutonium Cycle, or, if the uraniumDECLASSIFIED
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content is too high, to the First Extraction Cycle for rcpro zessing in the

IB Column.

D. THE REDOX PLANT

The Rodox Plant is located in the 200 Woet Area of the Hanford Works,

approximately thirty miles from Richland, Washington, and six miles from

the nearest pile area, 100-B. A detailed map of the Hnrord Works and a

plot plan of the 200 West Area are contained in Chapter UL (Fig. XI-1 and

XI-2, respectively). Chapters XI through XVIII of this manual contain a

detailed description of the Plant and its equipment.

1. Genral Plant Layout

1.1 Redox Area layout

The Rodox Area layout is shown on Figure I-5. ril.s layout

shows the relative location of the Processing Building (202-S);

Analytical and Plant Assistance Laboratory, Building 222.S; and

the auxiliary facilities.

drawing
the
some of

The layout of the Processing Building (202-S) is digcussed under 1.2,

below,

The Analytical and Plant Assistance Laboratory, ]hi.ding 222-S, con-

tains laboratories for process control of Rodox and ot.cv processes and

a wing for chemical research and process chemistry worc 
on a multi-curie

scale.

The functions of the Processing Building auxili.a:f7 .acilities are as

follows:

Facility

203-S Metal Storage

207- Retention Basins
(not shown on Fig. i-5)

211-S Chemical Storage

216-S Cribs
(not shown on Fig. 1-5)

240-s Diversion Box

241-S Diversion Box
(not shown on Fig. I-5)

Fncion,

Storage of recovercd urnnium solution.

Retention of exit cooling water and

steam condensate bcfcre disposal to pond.

Storage of 50$ sodim hydroxide, 6C%
nitric acid, 7ZS &2uminum nitrate, and

domineralized water.

Disposal of low-radioactivity wastes

to ground.

Routing of proccss srstn3 to 214-S
Diversion Box.

Routing of procCs:3 lastOS to 216-S
Cribs and 241-S Tank Farm.
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Facility

241-S Tank Farm
(not shown on Fig. I-5) ac

276-S Solvent Storage and StMake-Up 
he
of

277-S Redox Mock-up Shop 140(not shown in Fig. 1-5) f
equ

291-S Ventilation Filter, Di
Fans and Stack

291-S Process Vessel Venti- Dis
lation System Jet Pit (fs

sta

Column Carrier Outlet Rem
cu

Inert-Gas Generator Gcn
of p

2726-ow Propane Storage Stor
for
iner

1.2 Proefssin Buildin (02..) layout

NOW

........ Function

derground storage of high.radio.
tivity wastes.

orage and pretreatment of new
Xone, plus storage and retreatment
recovered hexone.

Ok-up of cell and silo areas forrication of precision-fitting
ipment.

posal of ventilation air.

posal of gaseous process wastes
Itered in 202-S Building)to
ck.

n'al of solvent-extraction
amns from 202-S Building Silo.

ration of inert gas for blanketingrecess vessels containing hexone.

age and vaporization facilities
propane fuel burned in the
t-gas generator.

The Rcdox Processing Building, 202. is a multistoried predominantlyreinforced concrete structure with overall dimensions of a proxmatetly160 ft. (width), by 140 ft. (height)s by 475 ft. (length).Figure 1-6 isa simplified sketch of the building layout. Figure 1-7 is a perspectivecut-away viewed from the southwest corner of the building.
The building has two major portions: the process portion which con-

tains the "hot" process equipment and the regulated work zones, and theservice portion which houses personnel and equipment necessay for remoteoperation of the process portion.

The process-portion Processing equipment areas are: the Silo column
enclosure, the Canyon cells, and the Product Removal Cage (located at the
west end of the Worth Samplte Gallery-). The Silo column enclosure housesthe solvcnt-extraction columns The Canyon cells house the processingequipment for dissolving slugs received from the lOOuArea piles (CeilsA, B, and C), preparation of feed solution suitable for the Redox process(Cell H), handling the solutions pumped to and from the SclvontRextractioncolumns (Cells E and F), neutralization and concentration of waste solu-tions (Cell D), decontamination and purification of organic solvent
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(Cell G), and decontaminatiofl of pz'OCoSS off gasc5 (Coll J). The Product

Removal Cage houses the equipmen o r oc-,~a no h ltnu rdc

solution prior to shipment.

The rcgulated work zones onsist of rooms and galleries where limited

contact of personnel with radiation and radioactive contaminfltio is allowed

undr crefllyprecried ndmonitored conditions. The folloing arc

rgued orky zoes.d CannDeck Lovel, Sample Galleries, Canyon Crane

Gralleryr, Canyon CranDo Plttform, Silo Crane Level, Romoto Shop,

pocoryitlatyonl Raoom, Shnop, and Health Instrument Room. The SUP

Decontamination Room, Rcglatod'S poin z s Io nrnot h eu

(regulated work) Lobby is the central point used for entrance to the regu-

lated work zones and t from thz zones to the outside.

The service portion has rooms, shops, and equipment required for plant

operation, and includes an entrance lobby, 
officos, lunch room, toilets

regulated change rooms, and locker rooms. The shops provided r: maintin-

ance, instrument (industrial and eluctronic), and electrical. Control rooms

provided are: the operating galleries on the north and south sides of the

Canyon and over the Silo. Equipment rooms necessary for building operation

are: blower rooms (5), a compressor room, a chemical storage room, aqueous

make-up levels (), a Silo feed gallery, electrical substatioin, h80 volt

electrical distribution centers k2), an ozone generator room (Hivox Room),

and pipe galleries (north and south).

2, Special Features of the 
Plant

The high levels of radiation associated 
with process solutions, the

nature of the process materials, and the nature 
of the process itself have

necessitated the installation of many special features, some generally

used in plutonium separations plants and some peculiar only to the Retor

Plant. These and other features of the plant which are of 
primary interest

are listed below.

2.1 Continuous processin

The Redox Plant is designed to conduct processing operations on a

continuous basis, except for the feed preparation and 
plutonium concentra-

tion steps which are batch operations. The plutonium crossover oxidation

equipment may be set up to operate either batchWiSe or contiruously. The

continuous nature of the process 
requires the use of a greater 

variety and

number of automatic control 
instruments than are generally 

provided in

batch-.operated plants,

2.2 5h eld

All service portions of the Processing Building must be 
shielded from

the processing areas to prevent personnel from 
receiving excessive amounts

of radiation. Concrete walls, of thicknesses greater than necessary 
for

structural soundness, are used to reduce radiation intensities so that

personnel in these areas will not receive radiation in excess of 0.1

mr./hr.

Inside the process portions, the regulated work zones are shielded
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from the Silo and Canyon process equipment areas by concrete walls and
cell cover blocks so that radiation intensities in these zones are
normally less than 1 mr./hr.

Materials other than concrete which are used for shielding inside
the building are lead glass (for viewing windows) and steel.

Outside sources of radiation (waste piping, waste tanks, and the
railroad tunnel) arc shielded with earth cover and/or concrete.

2.3 Remote operation

Location of the process equipment behind massive concrete shielding
necessitates that this equipment be operated by remote control.

Processing operations are controlled from the operating galleries
except for the Dissolver charging operation which is accomplished with
the aid of the Canyon Crane (described under 2.4, below). Some of the
methods and devices employed for remote operation are briefly described
below.

Irradiated uranium slugs are brought into the Processing Building
via the railroad tunnel on special cars. They are then charged to the
Dissolvers with the Canyon Crane. Chemical additions to the process
vessels are made from the service areas through pipe lines running
through the concrete shielding. Solution transfers between vessels are
made by means of steam jets and, in cases where the flow rate must be
closely controlled, by electrically operated pumps submerged in the
process solutions. Flow rates of these pumped streams are controlled
from the operating galleries by recording-controlling instruments
which receive an impulse indicating the flow rate from a transmitting
rotameter and in turn actuate an air-operated valve. Agitation of thevessel solutions is accomplished with remotely-operated recirculating
steam jets or electrically driven agitators. The hexone-aqueous inter-
face levels in the solvent-extraction columns are controlled by recorder-
controller instruments which are actuated by inert-gas bubbling dip tubeslocated in the column tops. The controller then maintains the interfacelevel by adjusting an air-operated control valve in the aqueous streamleaving the column. Indications of the total weight and specific
gravity of solutions are read from differential-pressure instruments
actuated by bubbler dip tubes in the vessels. Solutions are sampled via
vacuum jets which draw the solutions into shielded sample boxes in the
sample galleries.

2.4 Remote maintenance

Installation and removal of process equipment, and servicing opera-tions in both the Canyon and Silo, are accomplished with the aid ofcranes. The Canyon Crane (60-ton) is operated from a steel-shielded
control cab which travels behind the concrete wall of the Crane cab
Gallery. Operations are observed from the cab through periscopes. TheSilo Crane (10-ton) may be operated from Ste steel-shielded cab or from
any of seventeen remote control stations located at various levels along

DECLASSIFIED q
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the north and west walls of the column enclosure. Operations may be viewed

through any of the lead-glass viewing windows which are located in the cab

as well as at strategic positions in the Silo wall next to remote control

stations for operating the crane.

All Canyon and Silo equipment pieces may be removed with the cranes.

All equipment pieces are fastened in place with enlarged nuts which may be

tightened or loosened with a crane.operated impact wrench. Piping, elec-

trical, and auxiliary connections are made with special connectors which

may be tightened or loosened by rotating a single nut with the impact

wrench. Each large equipment piece is provided with bails so that it, may

be lifted with a crane hook.

Columns are placed in a special carrier container before removal from

the Silo. This container is then removed through an underground tunnel

to the Column Carrier Outlet. Replacement columns are brought into the

building in the same manner.

Canyon equipment in need of repair is carried to the maintenance
facilities at the east end of the Canyon. The equipment may be part ally

decontaminated and disassembled in the Remote Shop. It may then be 4e-

contaminated further in the Decontamination Room and brought into the

Regulated Shop for contact maintenance, if necessary. Equipment to be

replaced is boxed up and removed fron the Processing Building through the

Railroad Tunnel.

2.5 Silo structure

The length of the solvent-extraction columns (58, ft, maximum) and the

locating of some of their auxiliary equipment above them has made neces-

sary the construction of a special portion of the building known as the

Silo. The Silo is approximately 132 ft. high, 84 ft. long, and 40 ft.
wide. The Silo roof is approximately 140 ft. higher than the building base

line, 52 ft. higher than the Canyon roof, and 120 ft. above grade level.

Located in the Silo are the column enclosure (84 ft. high), facilities

for aqueous make-up, tanks for feeding "coldt" (non-radioactive) feed streams

to the columns by gravity flow, facilities for sampling column streams, a

10-ton crane, and the column operating center.

2.6 Materials of construction -- equipment

The corrosive nature of the solutions processed in the Redox Plant

(primarily nitric acid of various concentrations) requires the use of

stainless-steel vessels and lines for the handling of the process liquids

and gases. All vessels in the process areas are constructed of 18-8

stabilized stainless steel, except those normally operated at high tem-

peratures which are constructed of 25-12 C stabilized stainless steel.

The construction materials of the vessels in the service areas are usually

stainless or mild steels, depending upon the nature of the solutions which

they handle. Other materials arc sometimes used in special cases.
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2.7 Protective coverings

Concrete is easily damaged by process solutions and tends to absorb
radioactive contamination. For this reason, concrete surfaces which
could possibly come in contact with process solutions are protected with
a coating of acid.resistant paint or covered with stainless steel.
Amercoat paints are generally used throughout the Canyon cells and in
the column enclosure area. Because hexone attacks the paint, stainless
steel coverings are used on the floors of the column enclosure and
solvent-handling cells which may possibly come in contact with hexone.
The PR Cage floor is also lined with stainless steel, as recovery of
spills in this area may be necessary.

3. Safety Features of the Plant

3.1 Critical mass control

Plutonium is capable of a nuclear fission chain reaction if more
than a certain critical amount (called the "critical mass") is accumu-
lated in one place. The size of the critical mass is a function of
chemical and geometric conditions as discussed in Chapter XXV.

All process vessels in the Redox Plant except those tanks which
handle uranium-free plutonium (the tanks of the Second and Third
Plutonium Cycles) are safe from the accumulation of a critical mass
because of the nature of the solutions processed or the vessel geometry.
In the Plutonium-Cycle tanks, criticality is impossible as long as each
vessel contains less than approximately 0.6 Sg. of plutonium. (Even
with 0.6 Kg. present, a chain reaction will not take place unless several
unlikely conditions also prevail.) The plutonium processed through these
tanks is normally handled in 300-gram critically-safe batches. Batch
sizes are controlled by volume and by sampling. As an additional safe.
guard) tanks which continuously receive plutonium solution are operated
so that they will overflow before receiving a volume of solution which
normally would contain over 600 grams of plutonium.

3.2 Process area ventilation

To prevent the spread of radioactive contamination and solvent
vapors through the air, process vessels are maintained under a negative
differential pressure with respect to the cells. All process vessels
are vented through Fiberglas filters and are maintained under a vacuum
of from 5 to 30 inches of water. The vacuum is drawn by jets which
discharge to the stack. Solvent-containing vessels are vented to an
inert-gas system, while other vessels are vented to an air system.

To prevent the spread of any radioactive contamination and solvent
vapor in the event of a leak from the process vessels, the Processing
Building ventilation is so designed that the processing areas are
maintained under a negative differential pressure (approximately 0.4in. of water) with respect to other portions of the building.
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Ventilation air is fed to the process areas from the No. 1 Blower

Room.

Air enters the Canyon and Silo process areas at the upper levels.
This air is then drawn down past the process equipment, through the venti-
lation tunnel, and through the sand filter (where radioactive particles are
removed) by the 291-S Fans. These fans discharge the air through the stack
to the atmosphere.

Air fed to the Regulated Shop, Decontamination Room, SWP Lobby, H.I.
Storage, and the North and South Sample Galleries is exhausted through fans
to the atmosphere. The PR Cage is maintained at a negative differential
pressure (approximately 0.1 in. of water) with respect to the Worth Sample
Gallery with an individual exhaust fan. This fan draws air from the
gallery into the cage and then through a replaceable filter before exhausting
to the atmosphere.

3.3 Fire and explosionpr~oection

The Redox process employs a flnmmable organic solvent, hexone, the
vapor of which is explosive when mnixod with air within the limits of 1.34
and 8.00 per cent by volume at room temperature.

A number of protective features for the prevention of fire and/or
explosion have been incorporated into the Rddox Plant. Among these are
inert-gas blanketing of solvent-containing vessels, adequate process area
ventilation, and use of explosion-proof electrical equipment in solvent
areas. Despite the remoteness of the possibility of a fire and/or
explosion, fire detection and water-fog fire-control systems have also
been incorporated in the plant.

Details on fire and explosion safety of the Plant may be found in
Chapter XXIV.

4. -Chemical and Utility Requirements

The estimated chemical and utility requirements for processing 3.125
short tons of uranium per day are presented in Table I-8. Chemical require-
ments for ruthenium distillation and zirconium-niobium scavenging steps
have not been included, because of the uncertainty, at this writing, of the
exact procedure to be used for these steps.

5. In.Process Inventory

The continuous nature of the processing operations in the Redox Plant
complicates the accounting of plutonium and uranium in the process equip-
ment. Table 1-9 lists the estimated in-process holdup of these materials
when the Plant is processing 3.125 short tons of uranium per day, contain-
ing, grams of plutonium per short ton.
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FiGURE 1-5
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HW-18700

TABLE i-8

ESTIMATED CHEMICAL AND UTILITY BEQUREMENTS
FOR THE EDOX PRODUCTION PIAZT

Bases: Three Plutonium and Uranium Cycles
Uranium Processing Rate -3 Short Tonsbay
Plutonium Enrichment Level F GrmsC on
HW No. 4 Flowsheet

Requirements for 24 Hours

Item Continuous peration (b)

100-lb./sq.in.ga. Steam 663,000 lb.

Rev Water 2,860,000 gal.

Demineralized Water

Hexone(c)

Caustic Soda (as 50> NaCH)

Nitric Acid (as 5Scp HNO3 )

Aluminum Nitrate (as 72% Al(NO3 )3 -9H2 0)

Iron Powder

Soda Ash (as Na2CQ3 )

Sodium Dichromate (as Na2Cr207 2H20)

Sodium Nitrate (as NINO3 )

Sulfamic Acid (as NH280 3B)

Sulfuric Acid (as 65* BaumA)

-4

15,600 gal.

150 gal.

3,767 gal.

1,852 gal.

4,370 gal.

110 lb.

206 lb.

490 lb.

1,045 lb.

394 lb.

50 lb.

165 gal.Propane

(a) Process requirements only. Does not include service
requirements.

(b) Does not include chemicals required for head-end Ru
end Zr-Nb removal steps and for retreating hezone,
if any.

(c) Estimated daily requirement if solvent retreatment is
unnecessary.
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ESTIMATED IN-PROCESS INVENTORY OF PLUTONIUM AND URANIUM
FOR THE REDOX PRODUCTION PIAIT

Bases: Three Plutonium and three Uranium Cycles
Uranium Processing Rate = 3.125 Short Tons/Day
Plutonium Enrichment Level =L 4 rams u or

Process Section
Pounds of
Uranium

Grams of
Plutonium

Feed Dissolving and Storage
(up to Oxidizer)

Feed Treatment (Oxidizer through
IAF Make-Up)

First Extraction Cycle (IAF Feed Tank
through ICU Concentrator)

Second Uranium Cycle (2D Feed Tank
through 2EU Concentrator)

Third Uranium Cycle (3nF Feed Tank
through 3EU Sampler)

Second Plutonium Cycle (IBP Receiver
through 2BP line)

Third Plutonium Cycle (3AF Feed Tank
through 3BP Sampler)

Plutonium Concentration (Pre-Concentrator
through PR Can)

Aqueous Waste Handling

Total

DECLASSIFIED

54,600

6,250

10,200

2,700

9,000

I
.1

10,900

1,250

1,800

1

0

370

64o

900

13

15,900

0.1

0

0

6o

82,800
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PART II: PROCESS

CHAPTER II. TEADIATED SLUGS AND FISSION-PRODUCT DECAY
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CITA1=E II. j IPRADTATED SLUS AND FISSION-PRODUCT ECAY

A. EESRII'ION OF SLUGS

1. Dimensions, Cn -l"ttOn and Pregnration

Uranium slugs as received for processing in the Iedox Plant are cy-
lindrical in shape and enclosed in an aluminum jacket which is sealed to
the uranium with an aluminum-silicon alloy bonding layer. A typical canned
uranium slug is 4.375- in. long and 1.450 in. in diameter.

The older standard "8-in." canned uranium slugs (8.70 in. long and
1.440 in. in diameter) are no longer used because neutron bombardment of
the uranium metal causes it to suffer dimensional changes. These changes
(especially warping) made "pushing" of some of the 8-in. slugs from the

pile very difficult with the result that a standard ("4-inch") canned
slug is now made 4.375 in. in length. The shorter four-inch slugs warp
also, but, for the same radius of curvature, deviate from a straight
cylinder by a smaller distance than the longer slugs.

Detailed dimensions and compositions of the several constituent
parts of a standard four-inch canned uranium slug are given in Figure 11-1.

Macro components of a standard four-inch slug are as follows:

Component Element Weight

Core Uranium 3.93 lb.
Bonding layer, total (2S aluminum* 8.84 g,) 10 grams

(Silicon 1.15 g.)
(Tin 0.01 g.)

Aluminum jacket, cap
plus can 23 aluminum* 50 grams
Can only 23 aluminum* 42 g.
Cap only 28 aluminum* 8 g.

* The minimum Al content of 28 cluminum is 99.0%. A typical com-
position is 99.2% Al, 0.5% Fe, 0.25% Cu, and traces of Si, Mg, Mn,
and Ti.

2. Fabrication of the Canned Slugs

In order to show how the molton-metal baths used in canning influence
the composition of the bonding layer, a simplified flow sketch of the pro-
cess for canning the machined uranium slugs is presented below.
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Machined leanin e BT T Bath

- Cu 45-49% >- : Centriifugc
>- Pickling Sn 55-51% (595_C)

Welding, Machining, Al-Si Canning Bth Al-Si Bath
and Si 11.2-11.5% Si 11.2-11.5%

Inspection Sn 0.2% max. Sn about 2%
2S Al - reminder 2S Al-remainder

Canned U Slug 2S Al Cap
and Can

LUG CANNING

Thus the Al-Si bonding layer has the composition of the Al-Si bath (i.e.
11.2 to 11.5% Si, approximately 88.5% 2S aluminum), with the low con-
centration of tin (0.2% max.) originating from the tin bath. The "com-
pound layer", chiefly tin with a thickness of less than one mil, results
directly from the tin both.

B. GROSS 'COOLING" CURVES

The canned uranium slugs are exposed in the piles for periods ranging
from about 9-1/2 months (central zone) to about 2 years (fringe zone). A
four-inch slug taken directly from the pile contains on the order of 2>000
curies of total activity due to the presence of radioactive isotopes re-
sulting from the fission of u235. Accordingly, slugs are "cooled" for a
period of from 40 to 90 days to allow the short-lived isotopes to decay
to negligible radioactivity levels.

Approeimately one hundred short-livo radioactive isotopes (half-life
1 day or less) are present in significant amounts in irradiated uranium
during "cooling . About 20 of these are directly produced by fission of
U235 ( and Pu in yields above 1%. few examples of the more abundant
short-lived fission products are as follows:

Radioact Fissi n Yield
Isotope )lf Life

S91
Sr 9 1  9.7 hr. 5.6

1r5 17,0 hr. 6,1
Ru 4.4 hr. 140
Xe 3 3  8. ay 3.0N et33 5.3 days 4.7Notes:

All of the isotopes listed are longer half-lived daughters
of parent beta emitters.

DECLASSIFIED A
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(b) The probability that a nuclide of any given mass number will

occu.r during fission is called its fission yield. Since the
e],omental composition of the fission products changes with
tiLme because of beta decay, the fission yield is based on
the mass number rather than the atomic number of the fission
product. Thus the 5.6% fission yield for Sr91 indicates that
for each 100 atoms of U235 which fission in the pile, 5.6
atoms of mass number 91 are produced.

The overall change in radioactivity with "cooling" time for uranium
which has been irradiated in a pile for various lengths of time and then
removed is shown in Figure 11-2. The curves are useful in determining the
quantity of radioactivity in uranium to be processed in the Redox Plant.
Figure 11-2 is independent of the quantity of uranium present in the pile.
For example, either a one-ton or a ton-ton uranium pile operating at one-
watt total power for the some length of time will produce the same amount
of fission products per pile. (However, the ten-ton pile will produce only
a tenth of the amount of fission products per ton.)

The following calculation of the total curies per short ton of uranium
irradiated for 100 days at 400 megawatts in a 200-short-ton pile and
'cooled" for 50 days illustrates the application of Figure 11-2. From the
figure, the total number of curies/pile for slugs irradiated for 100 days
(parameter) at 1 watt and "cooled" 50 d.ays (abscissa) is 0.128 (read on
the ordincte). Thence, the number of curIos/short ton of uranium in a 290-
short-ton pile operated at a power level of 400 megawatts (i.e. 400 x 10
watts) is:

0.8 x (4o x lao) 2.6 x io5.

Figure I-2 shows that the amount of radioactivity decreases quite
rapidly with increase in "cooling"time. The following table provides a
quantitative illustration of the rapidity of "cooling":

Curics/short Watts/Short
"Cooling" Time Ton of U Ton of U

30 minutes --- about 3 x 10
16 days 4.8 x 10 2.4 x lo3
30 days 3.6 x 10 1.8 x 103
50 days 2.6 x 105 1.2 x

100 days 1.4 x 10 6.1 x 102
200 dnys 6.1 x 104 2.6 x 102

Some direct experimental masuremcnts of Can=a radioactivity are
reported in Document HW-17781( . The radioactivity of uranium slugs
exposed for 160 and 370 days, respectively, was measured with a type
G.L. 563 ionization chamber. The results after conversion to a unit
power level of one megawatt per short ton of uranium resulted in the

curves plotted on Figure 1I3. The curves for the 370-day irradiated

uranium gradually rise above those for the 160-day irradiated uranium.

This trend is in agreement with theoretically expected results, since
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the concentration of the short-lived gamma-emtting isotopes will reach
saturation after a relatively short irradiation, while that of the long-
lived components will continue to increase as the .exposure continues.

C. SPECIFIC FISSION-PRODUCT DECAY CURMTS

Decay curves for a number of radioactive isotopes important to the
Redox process (see Chapter IV) have been calculated and are shown in
Figure II-4. The quantity of fission products originally present was
based on a uranium exposure of 400 megawatt-days/ton over a period of
360 days. Theoretical of "absolute" curios as well as "countable" curios
are shown for the total beta and gonna radiation. The activities of
specific isotopes are presented in terns of "countable" curios.

A (theoretical or absolute) curie is defined as the radioactivity of
a source of radiation which decays at such a rate that 3.7 x 1010 atoms
change per second. It is almost exactly the radioactivity of the amount
of radon in equilibrium with 1 gram of radium. Because of the limitations
of ordinary radiation counters, absolute curies are difficult to determine.
The "countable" curies, in terms of which most of the data in Figure II-4
are expressed, have the practical advantage of being subject to compara-
tively easy and reproducible deternination. Determination of the number of
"dountable" curios, in the sense in which the term is used here, involves
the "counting" of the sample under specified conditions with standard
counting instruments, such as the B.G.O. counter in use at Hanford W9r5 s.
The counting conditions are specified in detail in Document HW-17091 5.
The counting efficiency of the standard counters, and hence the ratio of
absolute to "countable" curios, is a function of the particle (or quantum)
energy of the radiation measured. Although it is not possible to assign
exact values to this ratio, the following are approximate values for beta
particles and gar=a rays of some typical energies:

Particle or Ratio of Absolute to "Countable" Curies
Quantum
Energy,
M.e.v. Beta Gara

0.1 oo (not counted) 10
0.15 50 8
.6 4 3

2.0 2 1.2

The conversion of' "qountablc" to absolute curios is further discussed in
Document Zb- 17091(5).

On a basis of 400 negawatt -days/ton exposure with 90 days "cooling",
the Rodo: IP (food) solution is expected to contain the following amount
-f rndioacti o lieion procucts.

,lom DECLASSIFIED I
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Absolutat ) Countable

aCuries)/Gaa Curies/Gal. a)

Total beta radioactivity 330 100
Total gamma radioact±ivty 230 55

(a) Based on the assumption that no radioactivity is
removed in head-end treatment.

The total radioactivity as contributed by individual isotopes with an
irradiation and "cooling" history as above is presented in Table 11-5.
The fission products (Ru, Zr, Nb, and Ce) listed at the top of Table 11-5,
under "A", are of primary importance because they control the decontamina-
tion factor obtainable in the Redox process. The fission products listed
in the table under "B" also contribute largely to the radioactivity of the
IAF. However, because of their low extractability, they are almost com-
pletely removed in the IAW (waste) stream.

As noted in Section B, ve, about twenty radioisotopes are directly
produced during fission of U' in fission yields above 1% which, however,
have such short half-lives (1 day or less), that they are negligible as
comp o the longer lived isotopes in considering a IAF feed solu-
tion T) 13 Two comparatively short-lJy d radioactive isotopes of import-
ance are I (8-day half-life) and Xe'D (5.3-day half-life) because they
are emitted as gases during dissolver operation.

D. DECAY OF NEPUNITUM

Plutonium is formed during irradiation in the piles according to the
following reaction:

+-a soft gonna ray
e~38 T _- 23 3 239U T3 + > U -- N Pu

92 0 92 93 94

Before the "cooling" period, the Np239 , with a half-life of 2.3 days, is
present in the irradiated slugs in significant amounts, for example, 3%
of the weight of plutonium at shutdown after 100 days of pile operation.
Because of its short half-life, decay of TTp2 39 after discharge of the
slugs from the pile, is rapid and follows the equation:

N . -0.'101t

Where N = amount of Np present at time t;

No= amount of Np originally present;

t = "cooling" time, days.

.Iw&
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Thus, ur niu_ lrgs "cled" for 60 days have only a millionth of a
per cent of the original Np present at discharge.

I e(0-.301)( 60) e-i8.6= .8

100 N _ (100) (1.5 x 10-8)
IT 1.5 Ic 106 %

E. SLUG HANTING PROCEDUEE

The uranium slugs are received in the 200 Areas in buckets contain-
ing about 1,100 pounds (approximately 280 four-inch slugs) of uranium.
The slugs (still contained in the buckets) are stored in the 212 Building
Storage Basin under 19 to 20 feet of water for a period of from 40 to 90
days. After the decay period, the bucket of slugs is placed in a lead cask
mounted on a railroad flat-car. A drawing of the lead cask appears in
Chapter XVI. The flat-car carrying two casks (therefore, two buckets, or
a total of about 2,200 pounds of uranium) is then transferred to the Re-
dox Processing Building (202-S). The uranium coming into the 202-S Build-
ing is charged directly from the cask car to the dissolvers by means of
the overhead crane. Charging of the dissolver is completed by the crane
operator, who lifts the cover off the car, unlocks the cask with an im-
pack wrench, picks up the cask lid and places it on one end of the car.
The bucket is then lifted from the cask, brought over the dissolver, and
lowered into the charging opening. As the crane operator continues to
lower the bucket yoke, the lower lugs of the bucket catch on hooks in the
dissolver opening causing the bucket to tip forward and to dump the slugs
into the dissolver, Drawings of the dissolver and of the centering lugs
appear as Pigures XIII--3 and XIIi-4, respectively, in Chapter XIII.

After 7 buckets have been unload.ed, the dissolver lid and cell cover
are replaced. Then, the coating removal procedure as described in Chaptcr
III may be started.

Because of the relatively high radiation levels existing on the canyon
deck at such times, it is unsafe for personnel to remain on the canyon
deck during the charging operation while buckets are in the air. No
personnel are permitted in the canyon or railroad tunnel when a slug
bucket is being transported. It may also be unsafe in the tunnel or can-
yon when a cask lid is removcd.
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Figure II-i

STANDARD k-INCH CANNED URANIUM SWG

0.185± 0.Olin* -

4.005 In.

1.358 in.
Uranium Metal

0.185 t0.01 In.
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Max.
Diom.

aTM..
C33r

"Compound"

Chief ly Tin

Al-SI

Si 11+%
Al 874
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Can
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Impurities in the uranium metal,
from typical analyses:

Element

Carbon
Nitrogen
Iron
Silicon
Cobalt, Zinc
Potassiua

Concentration
Parts Per Million

650
6o

50-100
50

4100

Copper, Aluminum d 20
Other elements (individually) i10
Typical analysis for: Cd C1
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FIGURE 11-2

IRRADIATED URANIUM NCOOLING" CURVES
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PART II: PROCESS. continued
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CHAPTER Ill. FEED PREPARATION

A. JACKET REMOVAL

1. General

The first step in preparing the radioactive slugs discharged from thepiles for uraniu -plutonium-fission-product separation in the ExtractionBattery is the removal from each slug of the aluminum jacket and the alu ,minum-silicon bonding layer between the jacket and slug proper. Thisoperation together with the subsequent slug-dissolution step is performedin any of the three Dissolvers. A description of the Dissolvers is givenin Chapter XIII. The jacketed slugs are described in Chapter II.

2. Chemistyf Jacket Removal

The aluminum slug jacket is removed by dissolution in a solutionconsisting of about 10, sodium hydroxide and 20% sodium nitrate atboiling temperature, about 100 to 10800. The sodium nitrate suppressesthe formation of hydrogen which would otherwise evolve in high concentra.tions according to the following reaction:

2Al+2NaOH+2H
20 -> 2NaA10 2+3H 2 '

In the presence of sodium nitrate, either of the following reactions maytake place:

8Al+5NaOH+3NaNo +2H 2 0 -- > 8NaAl02+3NH3

2A1+2NaOH+3Nauo3 - 2A102+3aNO2+H20,

Data accumulated during plant-scale coating-removal operations have indi-cated that roughly half of the aluminum is dissolved according to eachreaction. However, even with the use of sodium nitrate the formation ofhydrogen is not eliminated entirely. Data have indicated the presence ofup to 1% hydrogen in the ofx.gas with the 10% NaOH, 20% NaNO3 procedures. (la)
3. Effect of Sodium &idroxide Concentration

Laboratory experiments have shown that a NaOH/Al mole ratio of 1.25provides an adequate sodium hydroxide excess for dissolution of the alu.minum. However, this ratio is not great enough to insure that Al 0 willnot precipitate if the solution is allowed to stand for a day. Rg8atlhave shown that a WaGE/Al mole ratio of 1.65 prevents precipitation evenif the solution is held for long periods of time. In the Redox Plant thisratio is approximated by the use of about 1370 lb. of 50% NaOH to dissolveabout 269 lb. of coating material from a 7700-lb. uranium charge.

Aluminum is vigorously attacked by sodium hydroxide over a tested con..centration range of 5 to 50% NaOH. The reaction rate increases with
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increased caustic strength and with temperature. Thu penetration rate,
which is a measure of the rate of attack, approximately triples from 600C.
to 10000. (if concentrations are maintained constant at about 10% NaOH and
20% NaNO over this temperature range) to an average value of about 4 to
6 mils/r2nute at 1000c. (12 Uranium loss by caustic attack is very slight
in solutions up to 30% NaOiI, but the rate of solution becomes appreciable
in 50% NaOH. In the coating-removal step, dilute caustic (10% NaOH) is
desirable to limit the rate of reaction and to obtain sufficient solution
volume to cover the slugs in the Dissolver without using an unreasonably
large excess.

Precipitation of A1203 may occur in the coating waste if' the caustic
concentration is too low. Bismuth Phosphate Plant practice has maintained
a caustic concentration of about 57 in the coating.removal waste. No A1203
precipitates before the solution is sent to undergraund storage under
these conditions. Redox Plant practice in this respect is identical, the
1370.1b. NaOH charge representing a caustic concentration of about 5% in
the coating waste solution. The pH of the coating waste solution is about
12 to 13.

Sodium hydroxide dissolves the aluminum-silicon alloy, but the thin

tin.aluminum-siliconnuranium compound layer on the surface of the slug is
only partially removed by the undercutting and disintegrating action of

the caustic. The coating waste solution contains less than 0.1% by weight
of these suspended solids, and a portion of the suspended material is

removed from the Dissolver with the coating waste.

4. Effect of Sodium Nitrate Concentration

The coating-removal step is comparatively insensitive to variations
in sodium nitrate concentration, Concentrations as low as 10% are satis-.
factory for suppression of hydrogen formation, but there is some evidence

that solid residues are more completely removed from the Dissolver with

the coating waste solution if the coating-removal solution contains about

20% sodium nitrate.

5. Slug finsing

A water flush of the slugs after coating waste has been removed serves
to flush the Dissolver of residual alkalinity and also to remove additional

suspended solids.

A 5% nitric acid rinse is added to the Dissolver following the removal
of. the water flush. The dilute acid serves to remove, at least partially,
the remaining thin aluminum-ailicon-tin-uranium scale left on the surface

of the slug after jacket removal. Recent developments have indicated the

possibility of dispensing with.this acid rinse if the small additional
amount of aluminum, tin, and silicon in the uranium solution is not detri-

mental to subsequent process operations. (See Subsection D2, Clarification.)
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B. DISSOLUTION AZIF/E
1. Properties of Uranium

After the aluminum jacket is removed, the bare uranium slug isexposed. Uranium is a silvr.cQlorqd metal which resembles nickel
in appearance and is capable of taking a high polish. However, the
metal surface oxidizes to a golden color after a few hourst exposure
to air, and after several days the tarnish becomes dark brown.
Uranium melts at about 11000C. (20100F.) and boils at about 43000C.
(7770oF.). Its density is almost 19 g./cu.cm. (1185 lb./cu.ft.)
which is nearly twice that of lead and approximately the same as
gold and tungsten. A solid cube of uranium with sides slightly over
14 in. long would weigh one ton.

When heated to about 1700C. in the presence of air uranium starts
to burn. Thus, a vacuum or inert atmosphere is required for melting
the metal. Finely divided uranium burns spontaneously in air and
"sparks" when machined, sawed, or filed. Uranium in the finely divided
fsrm also slowly decomposes cold water. The rate of reaction becomesquite vigorous at the boiling point of water.

2. Chemistry of Uranium Dissolving

Uranium metal is dissolved and oxidized by nitric acid to uranylnitrate, U02(NO3)2. Since uranyl nitrate crystallizes as the hexahy..drate, U0 2 (NO3)2*6H20, uranyl nitrate solutions are sometimes referredto as uranyl nitrate hexahydrate (or UNH) solutions. The properties
of UNH solutions are discussed in Chapter IV. Under conditions ofnormal dissolving, uranium is oxidized essentially quantitatively tothe (VI) state by the strong exidizing action of the nitric acid.

The rate of the uranium-dissolution reaction varies directly asthe temperature and acid concentration. The following equations indicatethe chemistry of the reactions:

U* WHNO 3 - >UO2 ( NO3) 2+2N0+2H 20

.-+SHNO UO(NO) 2 16NO2+ H2O-
Since in actual practice in the Bismuth Phosphate Plants it has beenfound that about 5.5 moles of acid are consumed per mole of uranium,the composite dissolution reaction at the boiling .tomperature, 101 too 0 0C., may be expressed as-

U+-5.5HNO 3  UO2 (NO-3)2+2.25NO2+1.25NO+2.75H20

The amount of nitric acid consumed depends upon the rate of removal ofnitrogen gases, which, in turn, is a function of the design and opera-tion of the Dissolver Column and the rate of air leakage into theDissolver. Other variables affucting acid consumption are temperatureand acid concentration. As indicated in the equations above, both NOand NO 2 are evolved when uranium is dissolved. In the presence of air
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which leaks into the Dissolver by virtue of the negative pressure main.-

tained therein, most of the NO is oxidized to NO2, A portion of the gas-
eous mixture is condensed by the condenser and refluxed down the column

as nitric acid. The reflux tends to scrub the NO 2 from the rising gases.

The heat of formation of uranyl nitrate ranges from 1472 B.t.u./lb.
at 180C. for U02(N03)2 to 2713 B.t.u./lb. at 180C. for U02(NO3T2.6H20.
If the concentration of the acid charged is about 60% by weight or higher,
the liberated heat is sufficient to keep the reacting mixture at the boil.

ing point.

3. Maraisy of Plutonium Dissolving

The relatively small quantity of plutonium which has been formed from

uranium in the piles is distributed throughout the slug. However, the

concentration of the plutonium in the slug is not uniform, there being a
concentration gradient from the outside of the slug to the core. Plutonium

concentration near the slug core is approximately three quarters of that

near the outside surfaces. Plutonium is oxidised by nitric acid during

the dissolution step to either the (III) or (IV) oxidation state and forms

soluble nitrates. Plutonium (IV) is the predominant state since Pu(III)

is quite easily oxidized to Pu(IV) by the nitrite impurities always pres-

ent in nitric acid, There has been no indication of any appreciable

oxidation to the (VI) state. The dissolution reactions for plutonium

are analogous to those for uranium. One reaction for the (IV) oxidation

of plutonium may be written:

Pu+8HNO3  > Pu(N03))+112+tH20.

- A more detailed treatment of plutonium oxidation is given in Subsection

C2 which indicates that the equation listed above may represent a great-

ly simplified statement of the reaction.

Normally, Dissolver solution is slightly acidic after the dissolution

reaction is arrested. However, dissolving to. reduced residual acidities

or to acid deficiency increases the likelihood of plutonium (IV) polymer

formation. This possibility is discussed further in Subsection 02.

4. Distribution of Fission-Product Elements During Dissolution

Fission-product elements are present in the uranium slug in approxi.

mately the same total weight as plutonium when formed in the piles. 
As

the slug "cools" the radioactive elements decay toward stable (i.e., non-
radioactive) forms. The wide variety of the radioactive elements present

includes species which are volatile, as well as species which 
are both

soluble and insoluble in nitric acid.

The acid-soluble materials carry along with the uranium solution un-

til selectively removed at subsequent points in the process.

The nitric acid-insoluble materials are present in very small quan-
tities and do not necessitate special handling procedures for the uranium

solution.
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The volatile material of greatest importance is radioiodine. Radio-
xenon is present in smaller quantities; radiokrypton, in somewhat larger
amounts; but they have less radiological importance since they do not
tend to concentrate in living tissue as does iodine. Due to the long
half life of kryptpn-85 (9.4 years), eventual slight contamination of
the earth's atmosphere with this element may occur unless removal is
ultimately effected. However, it would take the continuous development
of about io5 megawatts of nuclear power to bring the atmosphere of the
earth (assuming un4forxadilution) to a concentration of krypton-85 equiv.
alent to the activity associated with the radon and thoron naturally
present in the atmosphere.(17) A proportion of all of the volatile
elements appears in the Dissolver off-gas; about 50% of the iodine is
liberated there. It is expected that a negligible proportion of the
iodine will be liberated from the Oxidizer (since iodate formation is
enhanced by the oxidizing conditions prevailing during ruthenium dis-
tillation). The fate of iodine during solvent-extraction is not known.
The bulk of the iodine activity, because of the physiological hazard,
should be removed before off.-gas disposal to the atmosphere.

The following table lists approximate quantities of the important
fission-product elements liberated during dissolving at 90 days after
slug discharge from the piles:

Countable Curies
Fission Element Beta CuriosZ Da GaCurios/a

1-131 1 to 5 2 to 10

-133 0.5 to 2 0.5 to 2

Kr-65 100 to 300

The quantity of iodine listed above is reduced by a factor of about 1000
by reaction with silver before being discharge to the atmosphere.

5. General Discussion

The normal Dissolver charge of 7700 lb. of uranium (about 1960
four-in, long slugs) is dissolved in three increments after slug jackets
have been removed. A heel of about 2000 lb. of uranium normally remains
in a Dissolver before charging of a new batch. Since the dissolution
is chiefly a surface reaction, a more uniform surface.area relationship
per cut exists if the heel of one charge, having a relatively small
surface area, is held for the next charge. Attempts to dissolve to no
heel would require too long a time due to the progressively smaller
slug surface area presented to the nitric acid. Furthermore, since
plutonium distribution throughout the slug is not uniform, maintaining
a one-ton heel of core material in the Dissolver tends to equalize what
might be even greater differences in the plutonium concentrations of
each cut. Solution blending in storage tanks after discharge from the
Dissolver also tends to minimize these differences.
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During the dissolution period about 1500 lb. of nitrogen oxides are

evolved per 2600.1b. Dissolver cut. It is expected that radioiodine will

be largely removed before the off-gas is discharged from the stack.
Radioxenon and krypton content, on the other hand, will not be reduced,
except for the effects of radioactive decay.

The rate of xenon evolution from the Dissolver is approximately pro-
portional to the rate of the uranium-nitric acid reaction. The rate of

iodine evolution indicates that once the Dissolver reaches the boiling
point, the column reflux tends to scrub iodine out of the off.gas. When

most of the acid has been consumed in dissolving, the acidity of the re.

flux falls off and iodine again leaks through the column. Evolution of

radioactive gases essentially stops when the charge is diluted and cooled.
The explanation of varying iodine concentration in dissolver off-gas has

been checked by laboratory experiments during which it was found that
iodine was lost from a refluxing solution of dilute nitric acid but not
from a refluxing solution of strong acid.

In general, the first two Dissolver cuts require about the same

length of time for completion, It is believed that the corroded and

pitted slug surface at the start of the second out has about the same sur-
face area as the relative]kooth surface of the slug at the start of the
first cut in spite of reduced slug size. The third cut requires more time

than the first two (about 7 hours as comparOd to 5 hours) and reflects
the decreased surface area due to still further reduced slug size. An

increase in the amount of heel carried tends to increase the speed of the

reaction.

The use of initial nitric acid concentrations below 60% by weight

is not efficient because of the slow reaction rate. Acid strengths up to
70% have been used in semiworks studies on single batch charges. Higher
acid concentrations increase the reaction rate but also increase the

corrosion rate of the Dissolver. From the standpoint of both vessel
corrosion and reaction rate, 70% nitric acid is the maximum acid strength
pernissible and even this concentration is not recommended for multiple

batcli dissolving.

Dissolving is continued until a specific gravity of 1.82 (at boiling
temperature) has been reached. This specific gravity indicates almost
total consumption of nitric acid. Usually it is not possible to predict
the composition of a three.componont mixture (UNH-HNO 3 -H20), but in this
case, HNO3 in the small residual quantities that remain has little effect
on the specific gravity. Hence it is impossible to control nitric acid

concentration in the UNH solution by means of specific gravity measure.

ments near the point of zero acidity (0.2 4 to -0.2 M HNO3 ). Figure
III.1 presents specific gravity of U1NH solutions as a function of weight
per cent of UNH at 0, 2, and 5 per cent free nitric acid concentrations.(7)

A water rinse solution is added to the slug heal in the Dissolver
after transfer of the uranium solution. The rinse solution covers the

heal until the succeeding charge is scheduled for loading into the

Dissolver. This arrangement allows use of Dissolver,.coil cooling water
for removing the heat of radioactive decay.
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C. OXlDATIOiJ AU JrTHMU U DISTILLATION

1. Introduction

The Rodox IA Colum is dosixned for thcn extraction of plutonium
(VI) into the organic phase with a loss of less than 0.2% into the
aqueous waste. Plutonium in freshly dissolved slug solution exists
chiefly in the (IV) oxidation state. It is oxidized to the (VI)
state in the Oxidizer, H-1. Enough holding oxidant (sodium dichromate)
is maintained in solution to insure that the plutonium remains in the
(VI) state until its extraction into the organic effluent stream of
the IA Column.

Dissolver solution contains uranium as U(VI). This oxidation
state extracts satisfactorily in the IA Column. Hence no specific
preparation steps for uranium (other than concentration adjustment)
are required prior to solvent-extraction.

Radioruthenium is limitina as far as decorntamination of Redox
product streams is concerncd.0() A significant gain in overall fission-
product decontamination may be attained if the bulk of the ruthenium
is removed from solution prior to feeding to the Extraction Battery.
Most of the ruthenium may bu distilled out of solution if it is
oxidized to the volatile compound, ruthenium tetroxide (Ru04). The
sparging action of a carrier gas aids in carrying away the RuOh.

Favorable results of headend treatment methods (ruthenium removal
plus niobium and zirconium scavenging, described under D3 below) may
make possible the elimination of the third solvent-extraction decon-
tamination cycle; very efficient head.end treatment brings nearer the
attainment of required fission.prouct decontamination factors for
product streams in a single extraction cycle.

First-cycle ruthenium decontamination may be improved by factors
of 10 to 50 by utilization of a ruthenium distillation step. Gross
fission-product decontamination is improved by factors of the same
order of magnitudu.(5) The distillation operation is accomplished
in the Oxidizer more or loss concurrently with plutonium oxidation
procedures.

2. Plutonium Oxidation

2.1 Chemistry

Plutonium in solution ma., exist in the following states of oxida-
tion, each of which exhibits a characteristic color: Pu(III), blue.
violet; Pu(IV), brown-grcen; Pu(V), colorless; and Pu(VI), pink-orange.

The plutonium i:- dissolver solution is preponderantly in the Pu(IV)
state if the normal dissolving techniques arc employed. (See Section Babove.) Plutonium (III) also exists in dissolver solution, but it is
rather readily converted to Pu(IV) in the presence of oxidants since
only a single-electron transfer is involved.
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Aqueous nitrate complexes of P(IV) exist in acidic dissolver 

solution.

The first reaction apparently is:

Pu+ 4+ Nof -* Pu(N03 )f 3 .

However, nitrate complexes up to and inclv i'g Pu(NO3)6- 2 are probably

present in stronger nitric acid solutions. 3

Pu(IV) may also exist in the colloidal or polymeric state. The

polymer seems to be a complex mlxture of high.molecular.weight, hydrolyzed

species of Pu(IV). Hydrolysis is believed to proceed stepwise by the
addition of (OH) groups to the Pu(IV) ion. The average formula of a high.

molecular ight polymer near a pH of 2 has been reported to be

P(OH)+0 ,(1

Formation of a brown color in Pu(IV) solutions is indicative of the

presence of the Pu(IV) polymer. The polymer is colloidal in nature, a

rough estimate giving about 20,000,000 as the molecular weight and about

1h0 An trom units as the diameter of particles formed at a pH of about

1.7,( Usually the polymer is formed only at low acidities (0.1 M or

less) or in basic solutions. Since the Dissolver solution will normally
be about 0.2 M in nitric acid, the formation of the polymer should be

largely avoided. If dissolving is carried to very low residual acidities

or to acid deficiency it may be formed in considerable quantities. Be-

cause the polymer is relatively hard to oxidize and difficult to extract

into hexone without oxidation, strenuous oxidation efforts, such as

treating for 2 to 6 hours with 0.1 N sodium dichromate near boilin

temperatures, might be required in the event of polymer formation. 21)

It has been shown that plutonium (V) and (VI) exist as the plutonyl

ions PuO + and Pu02 ++. Elcctromotivo.force measurements on cells contain-

ing Pu(I?) in disproportionation equilibrium are consistent with the

following reaction:

3pitl + 2H2 0 > 2Pu+3 + Pu0 2 ++ + hHt .

The oxygen.plutonium bonds in Pu(V) and Pu(VI) seem to be at least partially

covalent in character. Thus, an oxidation or reduction of Pu(III) or (IV)

to or from Pu(V) or (VI) involves the making or breaking of covalence

bonds and not just simple electron transfers. A single-electron transfer

is involved, on the other hand, in the oxidation or reduction reactions

between Pu(III) and (IV) and between Pu(V) and (VI). These facts explain
the relativey high rato of oxidation of Pu(III) to (IV) or Pu(V) to (VI)
as compared to the oxidation of Pu(IV) to (VI), for example.

There is some evidence that Pu(VI) associates weakly th the nitrate

ion at low acidities according to the following reactions:k1

PuO2 +++ 110 3 Pu0 2 N03 +

Pu02 ++ 210 3 > Pu02 (NO 3 )2 .
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The extraction coefficient (i.e., phase-distribution ratio) of
Pu(VI) into the organic phase in the extraction columns is nearly twice
that of Pu(IV). The oxidation of plutonium to the (VI) state is ro-
quirod since the IA Colurmi is dosignmed on the basis of Pu(VI) extraction.

2.2 Oxidation techniques

A number of oxidizing agents have been proved effective for the
oxidation of plutonium to the Pu(VI) state. Among them are sodium
dichromato (Na 2 Cr0 7 2H20), potassium permanganato (KMnOh), ceric
nitrate (Ce(N03)h, and ozone (03).

The oxidation operation as carried out in the Oxidizer is related
to the volatilization of ruthenium since the oxidation of plutonium by
certain oxidizing agents also carries the ruthenium toward its (VIII)
oxidation state and volatilization as ruthenium tetroxide (RuOh),

Both potassium permanganate and sodium dichromate are added to the
Oxidizer. Although the per-angriatc oxidizes plutonium to the (VI)
state its chief purpose is the oxidation of ruthenium to its volatile
totroxide, RuOL, and eventually the KMn% is completely destroyed.
Sodium dichromato is utilized in solution chiefly as a holding oxidant
to maintain plutonium in its highest oxidation state, especially
through the IAF adjustment step where the solution is mado acid do-
ficiont. If no holding oxiCant were present at this point partial
reduction of Pu(VI) to Pu(IV) would take place with the possible forma.
tion of the difficult.to-oxtract Pu(IV) polymer.

3. ruthenium Distillation

3.1 General

Decontamination factors obtainable in both the uranium and plutonium
extraction cycles of the Redox process are largely limited by the pres-
ence of radioruthenium, The ruthenium in the Dissolver solution pro-
duced from 90-day "cooled" uranium comprises about 5 to 8% of the total
beta activity of the solution and approximately the same proportion of
gamma activity, Although 95 per cent or more of the radioactive ruthenium
present in the Dissolver solution generally favors the aqueous phase,on the order of 1 per cent of this ruthenium is present in a different
form which exhibits an organic..to..aqueons phase-distribution ratio on
the order of 1.0, or higher. This small fraction of the ruthenium
extracts into the hexone, accompanying the uranium and plutonium, and
hence limiting decontamination.

If no specific ruthenium-removal steps are accomplished prior to
solvent-extraction, the proportion of total radioactivity due to
ruthenium in the first-cycle uranium product stream rises (from 5 to
8% in the Dissolver solution)to about 80 to 90% for beta activity and
about 65 to 75% for gamma activity. The proportion of ruthenium
activity increases womewhat in the uranium product streams of subsequent
cycles. The activity due to ruthenium in the first-cycle plutonium
product stream amounts to about 60 to 70% of total beta and 25 to 35% of
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total gamma activity, These percentages also increase for the product

streams of subsequent plutonium cycles.(20) If, then, some method for

removing the major portion of ruthenium activity prior 
to solvent-ex-

traction were available, the overall Redox fission-product decontamina-

tion factors could be considerably improved. Removal of ruthenium by

oxidation to the volatile tetroxide (RuC ) and stripping from solution

by steam or air accomplishes this end.

In the course of invostigations of the rutheniumremoval problem, it

has been noted that at least three species of radioruthenium (which have

been named A1 , A2 , and B) exist in dissolver solution.(2 8 ) These species

exhibit different rates of oxidation and different phase-ditstribution

ratios for solvent-extraction. The ruthenium composition of the solution

is largely determined by its past history.

Laboratory results have shown that species A1 and A2 , are the easiest

species. to oxidize and remove from solution.(28) The extraction coeffi.

cient for species B is about one fourth of the combined ruthenium (species

A1 , A2 , and B) extraction coefficient for untreated dissolver. solution.

Thus, the removal of species A1 and A2, simultaneously, increases slightly

the ruthenium decontamination attainaflL across the IA Column, However,

all species, after extraction into the hexone phase, behave as if a small

fraction of the ruthenium exhibits an organic.to.aqueons phase.distribu.

tion ratio of 1.0 or greater. At Redox process conditions the portion

of ruthenium which favors the hexone phase (and hence does not decontam-

inate readily) is on the order of 1 per cent of the total ruthenium

present. Ruthenium decontamination is thus limited by the presence of

this "inextractable" (or more properly ttunscrubbable") species. The

behavior of ruthenium during solvent-extraction is treated furtler in

Chapters IV and V.

Inasmuch as the nature of the ionic or molecular species in which

ruthenium exists in dissolver solution has not been ostablished, it is

impossible to write a complete equation for the oxidation reaction. If

the ruthenium oxidation state is (IV), as is generally assumed, a four.

electron change is involved in the conversion to RuOj,. Consequently,

the reaction is probably stepwise, with ruthenium (VI) as an intermediiA

ate. (28) The necessity for passing through such an intermediate oxidation

state may be one of the factors responsible for certain phenomena such

as the "induction period" described in Subsection 3.2.

A number of oxidizing agents were tested for effectiveness in oxidiz-

ing ruthenium to Rui * The most promising agents were found to be potas.

sium permanganate (&O4) and ozone (03). The use of each agent is disc

cussed in more detail below.

3.2 Ruthenium distillation by means of ozone

Radioruthenium may be oxidized to the (VIII) state, as Ru04, by
sparging hot (9000,) dissolver solution with ozone in an air carrier-gas
stream at the rate of about 0.13 cu.ft./min. per gal, of solution. In

general, the rate of Ru04 formation and removal increases with solution

temperature, ozone concentration and flow rate, and efficiency of ozone

dispersion in solution. Preliminary res t dependence on
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HN03 concentration in the range of -0.15 M to 0.3 M.(29) Approximately
85 to 95% of the total ruthenium has been removed by ozonization in
semiworks studies.(5)

During the sparging period the ozone seems to act, first, as a
liquid-phase oxidant for ruthenium with liberation of RuO4 and,
second, as a gaseous-phase holding oxidant to minimize ruthenium
reduction and deposition on equipment in contact with the gaseous
phase.

The rate of ruthenium removal from solution is roughly proportion-
al to the ozone concentration and rate of fldw of the sparge gas.
However, ozonizetion on a plant scale imposes a practical limit on
concentration; it may be cheaper to sparge for a longer period with
reduced ozone content in the air. Two weight percent ozone in air
ia a practicable rate for production use, and this concentration
appears to be adequate for ruthenium oxidation and Ru04 removal.

A definite period of time elapses between the start of the
ozone sporge and evolution of RuO in measurable quantities.(28)
It has been postulated that this 'induction period" is a measure of
the time required to oxidize some of the other elements in solution.
Perhaps as long as these impurities are present in their unoxidized
states, any ruthenium compound intermediate in the formation of RuO4
is reduced before it can be oxidized further and swept from solution
as the volatile tetroxide.(28 ) Evidence supporting this explanation
of the induction period is provided by results which indicate that
induction time is inversely proportional to ozone concentration, and
that a strong liquid-phase oxidizing agent may reduce induction time
markedly. Simple ozone sparging of the dissolver solution has resulted
in induction times of up to 20 hours in semiworks studies; however,
the addition of small amounts (0.01 to 0.03 M) of a strong oxidizing
agent such as potassium permanganate (KMnO4) to the solution before
sparging has reduced induction time to less than 2 minutes on a lab-
oratory scale and less than 30 minutes on a semiworks scale.(4,28 )
On the other hand, substitution of Na2Cr20p2H20, a slightly weaker
oxidizing agent than KMn04, seems to have no beneficial effect in
ihortening the induction period. (This would be expected if the
induction period is caused, at least in part, by the chromic ion
resulting from the corrosion of stainless steel.)

Once RuO4 volatilization has begun, it proceeds at a rate peculiar
to each of the three species of ruthenium. Species A1 is most easily
oxidized and removed; species A2 is next; and species B is much the
least easily oxidized and removed. The rate of ruthenium volatilization
is reasonably uniform during species A1 and A2 removal but levels off
markedly when the bulk of these two species is gone. However, since
species A1 and A2 togcther comprise about 80 to 98% of the ruthenium,
it appears desirable to discontinue further ruthenium volatilization
once the leveling-off period is reached. Semiworks studies show a
ruthenium-removal rate of about 15% per hour (after the end of the
induction period) leveling off at about 85% removal for ozonization
without KMnO4 in solution. Ozonization of a feed solution with KMn04
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present results in a ruthenium-removal rate of about 40% per hour level-
ing off at about 95% removal.(4 )

When an ozone-induced ruthenium-volatilization operation is employed,
the ruthenium decontamination factor of the first-cycle product streams
(IBP and IOU) is improved by factors ranging from 10 to 50 (semiworks
results) or 100 to 500 (laboratory results) over those for a flowsheet
which has o specific ruthenium-removal steps prior to solvent-extrac'
tion (5,28) Gross fission-product decontamination is improved by factors
of the same order of magnitude.

3.3 Ruthenium distillation by means of potassium permanganate

Potassium permanganate will readily oxidize ruthenium to ruthenium
tetroxide. Three techniques which have been successfully demonstrated
for ruthenium removal from solution by KMnO4 oxidation are:

(a) sparging the approximately 0.03 to 0.08 M Mn04 solution with
air or nitrogen at operating temperatures of 90 to 950C.;

(b) aparging the approximately 0.03 to 0.08 M KMn04 solution with
steam at the boiling point of the solution; and

(c) simple boiling of the approximately 0.03 to 0.08 M 104n04
solution.

In techniques (a) and (b), an adequate rate of sparging is about
0.13 cu.ft./min. per gal. of solution. In all three cases the volatil-
ization operation may be continued until the rate of RuO4 removal levels
off, indicating practically complete species A, and A2 removal.

Technique (a) and the use of an air spargant is preferred in the
Redox Plant because of the condenser capacity limitation for the vapor
mixture evolved. If techniques (b) or (c) were used, increased condenser
capasity for the carrier gas (water vapor) might have to be provided.

Potassium permanganate is a better oxidant for dissolver solution .

than ozone alonj and nearly or equally as good as the ozone-permanganate
combination. This fact has been demonstrated during study of ozoniza-
tion techniques where it was found that the long induction period before
start of measurable Ru04 evolution using ozone alone was shortened to a
matter of minutes by making the solution 0.01 to 0.05 M in 1Mn04. In
addition, the same short induction time and equally effective ruthenium
removal has been demonstrated when using permanganate without ozone.(5)
The overall time saving attainable by use of KMn04 is one of its chief
advantages over use of ozono (in addition to eliminating the installation
and operating costs of ozone-generating equipment).

In addition to the removal of Fuo4 from solution due to KMn04
oxidation, it is desirable to hinder potential gaseous-phase reduction
which would deposit ruthenium in lines and equipment. In laboratory
experiments on the 35-ml. scale, carried out at Hanford in stainless
steel equipment, almost complete deposition of ruthenium in lines and
equipment in contact with the gaseous phase was observed in !Mn04
volatilizations made without ozone. In volatilizations made with ozone

DECASSIFIED



DECLASSIFIED 315

the deposition was slight. However, semiworks data (35-gal. scale),
obtained at S.F.R.U., have indicated no significant difference in the
deposition of ruthcnium from the gas phase when KMnO4 alone, ozone
alone, or both KMnO4 and ozone are employed. The S.P.R.U. studies
did not prove the presence or absence of ruthenium deposition on tank
or line surfaces in contact with the process liquids. The extent and
nature of ruthenium deposition therefore remains controversial. How-
ever, even if all the ruthenium were deposited, an equilibrium activity
concentration equal to about 6 to 7 times the totalifission-product
gamma activity charged per day to the Oxidizer would be approached.(31)
Such on activity level would not alter shielding requirements as
presently specified and designed into the Plant. It has been hypothe-
sized that trace amounts of Mn207 in the gaseous phase may serve as a
holding oxidant for Bu04 (preventing total deposition) in the case of
KMnO4 oxidation.(28)

Experiments hove indicated that, during the oxidation of many of
the components of the solution and the evolution of Ru04, a gradual
reduction of Mn(VII) to Mn(IV) takes place. The degree of Mn(VII)
reduction depends on the history and composition of the solution as
well as on the specific oxidation techniques employed. The use of
KMn04 as a ruthenium oxidant is desirable from another point of view
since the reduced Mn(IV) ion forms manganese dioxide (MnO2 ), aprecipitate which acts as a scavenging agent for certain other
fission-product elements, notably zirconium and niobium. This topic
is discussed in detail in the succeeding section. Furthermore, if
desired, Mn(VII) may be reduced to Mn(II) by the addition of excess
chromic nitrate to avoid the formation of a precipitate.

When a permangnnote-induced ruthenium volatilization operation is
employed, the ruthenium decontamination factors of the first-cycle
product streams (IPP and ICU) are each improved by a factor of about
20 to 50 (semiworks results) over a flowsheet which has no specific
ruthenium-removal steps prior to solvent extraction. Gross fission-
product decontamination is improved by approximately the same amount.5OY

D. CIARIFICATION AND SCAVENGING

1. Introduction

The uranyl nitrate solution produced by dissolving irradiated
slugs contains small amounts of suspended solids. These particles are
mainly silicious in nature but also contain considerable quantities
of tin in the form of metcstannic acid. The silicon is partially in
the form of metasilicic acid and partially as elemental silicon. Trace
amounts of other elements are found in the particles. The solids
apparently originate from bonding mterial between the uranium slugand aluminum jacket.

The presence of the suspended solid particles beyond certain
tolerance amounts appears to make phase separation in the Extraction
Battery more difficult as determined by phase disengagement time studies.
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In addition, potential deposition of the solids on Extrcction Battery
pecking might ultimately lover column throughput capacities and make
necessary special flushing procedures. It is possible that solids cccu-
mulation might eventually impair the operation of flow-meosuring and flow-
control devices.

Several methods for clarifying dissolver solution by removal of
same of the suspended solids are available. They are included in two
major classifications according to process, as follows:

(e) filtration, either with or without filter aids; and
(b) centrifugation, either with or without scavenging agents.

Filtration without filter aid has proved unsetisftctory because some
of the solids ore gelatinous and tend to plug the pores of the filter
media. Filtration with a filter aid such as Super Filtrol F.O., n cti-
vated clay, has generally proved satisfactory for solids removal 193

Centrifugation is favored over filtration for solids removal since
fever mechanical difficulties ore anticipated on a plant scale. If a
scavenging agent is used, many of the fine suspended solids in solution
may be intercepted by particles of the scavenger with a resultant improve-
ment in the ease of solid-liquid phase separation (provided the scavenger
itself does not contain large amounts of fines of the same size range as
the suspended solids), Without a scavenger a longer time of solution
holdup in the centrifuge bowl is required to achieve the same degree of
suspended-solids separation.

The use of a scavenging egent to aid in solids removal during centrif-
ugation offers another advantage. It has been demonstrated that radio-
zirconium and niobium (rcio-elements which, next to ruthenium, are major
fission-product constituents of the Redox product streams) are adsorbed
on certain scavengers and may be selectively removed when the scavenger
is separated from the solution. Efficient adsorption of zirconium and
niobium together with adequate ruthenium removal by distillation (as
described in the preceding section) brings nearer the attainment of
required fission-product decontamination factors for product streams in
one extraction cycle and may, in any event, eliminate the need for using
the third solvent-extraction decontamination cycle.

A number of materials have been tested for value as filter aids or
scavenging agents. Most important among them are "Super Filtrol F.O."
and manganese dioxide. Super Filtrol F.0., a commercial product, adsorbs
up to about 99% of the zirconium and approximately 80% of the niobium,
with proper operational techniques, in addition to its good efficiency
as a filter aid for silicious particle removal. A disadvantage of using
Filtrol in the plant is that it is a relatively insoluble solid, and must
be handled in slurry form.

A fine precipitate of manganese dioxide may be formed in the dissolver
solution by reduction of the permanganate ion. Manganese dioxide, too,
acts as an efficient scavenger for niobium and zirconium. One of the
important advantages of manganese dioxide as a scavenger results from the
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fact that the solid phase can be dissolved after separation from the
liquid. The resulting waste solution may be handled much more conven-
iently than can a slurry.

2. Clarification

Clarification, as a term applied to oxidized dissolver solution,
implies the partial removal of suspended particles from solution. An
arbitrary procedure for clarity measurements involves comparison of
the degree of transmission of 645 millimicron wave-length light by the
sample with the light transmitted by distilled vater.(19)

The exact process significance of dissolver-solution clarity is
difficult to establish positively. In some degree it is a measure of
the relative ease with which the organic and aqueous phases disengage
in the extraction column. An increase in disengaging time generally
indicates an increasing tendency toward emulsification. But there
has been some evidence that emulsification can occur even with feed
solutions whose clarities would normally be considered satisfactory
(about 90% of the light transmission of the distilled water standard).
Presumably, this condition is caused by polymers of metesilicic acid
passing the centrifuge.(16)

The emulsification char'.ctcristics of dissolver solution seem to
be chiefly a function of silicon content. Silicon concentrations in
the vicinity of 60 p.p.m. ray cause emulsification; those about 30 P.p.m.
or less usually dc not. The silicon content of the bonding material
between slug and jacket averages about 5000 p.p.m. of the uranium in
the slug while the silicon impurity in the uranium usually is in the
range of 20 to 170 p.p.m.(18)

A higher than normal silicon content of dissolver solution may
result from (a) greater than average silicon content in the uranium,
(b) contamination of the dissolved uranium with silicon from the
bonding layer between the slugs and their aluminum cans, or (c)
silicon picked up by the solution from high-silicon sludge which may
accumulate in the dissolver. These conditions leading to excessive
silicon in the dissolver solution must usually be associated with less
effective suspended-particle removal in the centrifugation operation
in order to have silicon in the feed solution in sufficient quantities
to cause emulsification.

In most cases, the tendency toward emulsification decreases as
suspended particles are removed. Experiments have shown, however, that
not all solid particles have the same effect in the inclination toward
producing emulsification. Thus it is decidedly possible for a feed
solution to exhibit less-pronounced emulsification characteristics aftqv
a centrifugation with a scavenger although there may be no net improve-
ment in clarity. Presumably some of the original suspended solids have
been replaced with fines from the scavenger which carry over into the
centrifuge effluent.

The Redox Plant provides a Centrifuge through which oxidized
Dissolver solution is routed. The Centrifuge bowl diameter is
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40 inches and it has a running holdup of about 60 gal. of solution. The
Centrifuge will rotate at a speed of either 870 or 1740 rev./min.; these
speeds produce, respectively, a centrifugal force at the bowl wall of
430 and 1730 times the force of gravity. The speed of 1740 rev./min. is
required for a reasonable degree of suspended-particle removal, i.e.,
improving the clarity of the solution from about 75% to about 90% (dis-
tilled water standard).(25)

It would be expected that centrifugation without a scavenging agent
in solution would remove some of the larger solid particles and hence
improve clarity. Furthermore, with a scavenger even more of the solids
should be adsorbed or screened out. Both of these conclusions are sup-
ported 'by experimental evidence. Use of a scavenger, however, may add
fines to solution due to carry-over of the scavenger fines from centrif-
ugation.

A running holdup time in the Centrifuge bowl of twenty minutes
minimum should be maintained for Super Filtrol scavenger-containing
solution in order to attain adequate solid-.hase separation. 25)
Holdup times should be somewhat longer if no scavenging agent is used.
Increase of centrifugal force, whether or not scavenger is used, in-
creases the rate of solid-liquid phase separation and hence improves
ultimate clarity.

In addition to holdup time and contrifugal force, a third variable,
quantity of scavenger per unit volume of solution, is available if a
scavenging agent is used. Increasing quantities of Super Filtrol
scavenger, up to a limit of about 2% by weight, improve clarity. Amounts
of Super Filtrol in excess of 2% by weight seem to have no further bene-
ficial action o; clarity, and in some instances the effect may be slight-
ly detrimental.(25)

Dissolver-solution clarification and the selective scavenging of
niobium and zirconium are operations difficult to segregate since any
scavenging agent utilized specifically for niobium and zirconium adsorp-
tion will also act as a scavenging agent for suspended-solid particle
removel.

Subsection D3, below, discusses scavenging in reference to fission-
product adsorption and should be considered together with this section.

3. Scavenging of Zirconium and Niobium

3.1 Scavenging with Super Filtrol F.O.

Super Filtrol F.O. is on activated clay consisting chiefly of SiB 2and Al20JV It is the trade name of a ptoduct of the Filtrol Corporation.
The individual particles of Super Filtrol F.O. range in size downward
from that just passing through 100-mesh screen (150 microns) to a size
in the range of 0 to 20 microns. About half of the Filtrol (by weight)
is in the 0 to 20-micron size range. Filtrol exhibits the property
of adsorbing a high proportion of the zirconium and niobium from
oxidized dissolver solution. Small amounts of other fission products
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are adsorbed, but the adsorption of zirconium and niobium is most
important since the activity due to these elements constitutes a
mejor portion (after ruthenium) of the activity in Redox product
streams.

The table below gives approximate quantities of irgonium and
niobium present in dissolver solution at 90 days age: 20

Countable Curies

Fission Element Bete CuriesDay (lmma Curies/Day

Zirconium 8000 to 12,000 20,000 to 30,000

Niobium 2000 to 4000 40,000 to 60,000

The adsorption efficiencies of the scavenger are apparently
increased with increasing temperature; they seem to be independent
of the age of the dissolver solution. A Filtrol scavenger concentra-
tion of about 60 grams/liter in hot (1000C.), oxidized dissolver
solution will adsorb on the order of 97 to 99% of the zirconium and
about 70 to 80% of the niobium. The adsorption efficiency seems to
be independent of acidity in the pH range -0.3 to 1.4.(21) Multiple
contacts of this scavenger totaling 60 grams/liter will equal or
improve these figures. A Filtrol concentration of 60 grams/liter
produces a volume of filter cake that is inconvenient to process in
the Plant Centrifuge; 20 grams/liter (about 1.2% by weight) of Filtrol
is about the maximum concentration permissible. Data indicate that
scavenging efficiency is about 10% less for a 20 grams/liter scavenger-
solution contact than for a 60 grams/liter contact.

Plutonium (IV) is adsorbed strongly (50 to 80% removal) in the
hot (90 to 1000C.) digestion that is most beneficial to zirconium
and niobium adsorption. But plutonium (VI) is not adsorbed to any
apprecialbe extent. In order to avoid high plutonium losses on the
scavenger, then, plutonium must be present in its most highly oxidized
state. If plutonium (IV) is in solution and is adsorbed, lengthy, hot
(90 to 1000C.) oxidation efforts are required to remove it from the
scavenger. Such strenuous oxidation also removes 2 to 4% of the
niobum and zirconium.

Filtrol scavenger at a temperature of about 50 to 600C. is separated
from the supernote liquor in the centrifuge. The resulting centrifuge
cake is about 70 to 80 volume per cent liquid and has an apparent density
of about 1.9 g./ml. Although plutonium (VI) is not adsorbed by the cake,
enough plutonium and uranium are retained in the solution held up by the
cake to be intolerable from a plutonium and uranium loss standpoint
(0.1% limit). The cake may be easily slurried from the sides of the
bowl with a wash solution, centrifuged,rewashed and recentrifuged until
the dilution effect of the washes has reduced the plutonium and uranium
losses to less than 0.1 per cent. Laboratory results have indicated no
significant deviations from the laws of dilution; however, coke-washing
effectiveness seems to be, to a minor degree, a function of the nitric
acid concentration of the washaolution.(21) Experiments have shown
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that plutonium is removed more readily with increasing acid concentration.
However, the degree of zirconium removal from the scavenger also increases
with increasing acid concentration.

The following table presents quantitative data obtained in the laeb*
oratory:(21)

Wash Solution,

H20
0.01 M EN03
0.05 M EN03
0.10 M ENO3

Per Cent Removed from Cake After
Centrifugation and Four Cake Washes

Pu Zr

99.71
99.87
99.88
99.96

2.8
2.6
3.2
4.3

A balance between these factors indicates a wash solution 0.01 M in
nitric acid as a good compromise.

The washed cake may be slurried from the centrifuge bowl by adding
slurry water in an amount such that the Filtrol comprises no more than
about 20% of the total slurry weight.(22) A Filtrol slurry of this
composition exhibits satisfactory flow characteristics; i.e., it can be
pumped or jetted like a liquid. Its apparent viscosity ranges from a
minimum of about 1.8 centipoises at a velocity of 1.6 ft./sec. to about
4 centipoises at 3.7 ft./sec. Slurries with lower concentrations of
Filtrol are less viscous, approaching the viscosity of water as a
limit. 22)

3.2 Scavenging with co-formed manganese dioxide

If potassium permanganate is used as an oxidant during the ruthenium-
distillation operations (see under 03.3) it is possible to co-form manga-
nese dioxide scavenger in the Oxidizer by reduction of the permangenate.
The extremely fine precipitate of manganese dioxide is an efficient
adsorber of zirconium and niobium. It also adsorbs varying amounts of
other fission-product elements. A manganese dioxide scavenger concentra-
tion of about 6.5 grams/liter in hot (1000C.), oxidized dissolver solution
adsorbed on the order of 90 to 99% of the zirconium and niobium in lab-
oratory studies(30), and about 90 to 99% zirconium, 90% niobium, 20 to
40% cerium, and about I to 10% of the original ruthenium in semiworks
studies. (4,5) Multiple contacts of scavenger totaling about 10 grams/
liter indicate laboratory adsorption efficiencies in excess of 99% for
both zirconium and niobiun.(30) If the manganese dioxide cake is sub-
jected to prolonged heating (or standing at room temperature in the
absence of permanganate for periods greater than a few hours) a portion
of the ruthenium and zirconium scavenged is desorbed.(5) However, the
ruthenium species removed is apparently solvent-insoluble and does not
significantly affect the overall ruthenium decontamination adversely.

During ruthenium volatilization, some 104n04 is reduced by virtue
of the oxidation of many of the components of dissolver solution, and
MnO2 is produced. The stability of KMnO4 during ruthenium distillation
is anomalous, and the amount of MnO2 formed has not been correlated with
any solution variable.
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In the chromic-strike method of precipitating Mn02 ,residual Mn(VII)
as KMnO is reduced to Mn(IV) as MnO2 by the addition of chromic nitrate
according to the following reaction:

2KMnO4 + 2Cr(NO3)3 + 3H20 ---- > 2MnO2 + K2Cr2O7 + 6EN03.

In the manganous-strike method, residual Mn(VII) is reduced to
Mn(IV) by the addition of Mn(II) as mangenous nitrate according to
the following reaction:

2KMnO4 + 3Mn(N03)2 + 2H20 ---- 5MnO2 + 4HN03 + 2KNO3'

In practice this reaction requires somewhat more than the stoichiometric
quantity of Mn(N03 )2. Experiments have shown that any dichromate ion
present in solution (as a holding oxidant for plutonium) is not reduced
in oppreciable quantities by the reducing action of Mn(II). In fact,
as discussed in Subsection D4, the reduction potential of Cr(III) is
sufficient to reduce MnO2 to Mn(II). The reducing action of Cr(III)
on Mn(VII), of course, simultaneously oxidizes the Cr(III) to Cr(VI)
as dichromate.

Both the chromic-strike and the manganous-strike methods for
permnnganate reduction may be accomplished by !fast strike" or "slow
strike" procedures. In the fast strike procedure, permanganate re-
duction and MnO2 digestion is carried out in a 30-minute period at a
temperature of about 750C. In the slow strike procedure, reduction
begins at 300C. and takes place during a 30-minute period while heat-
ing at the rate of 10C. per minute. A 30-minute digestion at 7500.
completes the procedure. It was thought that efforts to produce larger
particle sizes by the slow strike methods would be beneficial to ease
of handling in the centrifugation step. There appear, however, to be
no differences in either adsorption efficiency or handling ease between
precipitates produced by slow or fast strike methods.

The MnO2 , containing adsorbed fission products, is separated from
the supernate liquor in the Centrifuge. The MnO2 cake holds up more
liquid (about 90 to 99 volume per cent) than does Super Filtrol F.O.
The cake is less dense than that of Filtrol; the apparent density may
range from about 1.7 to 1.9 g./ml. The MnO2 coke is somewhat more
greasy and sticky than that of Filtrol, but nevertheless it is easily
slurried down from the bowl wall by the impinging action of wash solution
from the bowl sprays.

It is believed that MnO2 will oxidize Pu(IV) to (VI) in case any
Pu(IV) is present in solution during scavenging (not a normal condition)
This should preclude any potential adsorption of Pu(IV) on the cake.
The same washing techniques described for Filtrol for recovery of
uranium and plutonium in the cake liquor also apply to the MnO2 cake.

One of the chief advantages of MnO2 scavenger over Filtrol is the
fact that the washed cake may be dissolved by reducing Mn(IV) to Mn(II).
The objectionable features inherent in the handling and disposal of a
slurry are eliminated. One method of cake dissolution involves treat-
ment with dilute hydrogen peroxide in acid solution according to the
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following reaction:

MnO2 + H202 + 2EN03 > 2H20 + 02 + Mn(NO3) 2.
The catalytic action of MnO2 on H202 decomposition has been known for
many years. Because of the instability of H202 about 100% excess is
required for the manganese dioxide dissolution reaction. The concentra-
tion of H202 in the solution added for cake dissolving should not be
greater than about 10% since in higher concentrations H202 decomposition
by Mn0 2 catalysis is too vigorous.

Any strong reducing agent that does not form a precipitate as a
reaction product should serve adequately as a MnO2 cake dissolver. The
use of Fc(II) has been suggested. Such a reaction would proceed in the
following manner:

2 Fe+++ MnO2 + 4H+ > Mn++ + 2 Fe+++ + 2H20.

A 20% ferrous sulfamnte, 10% BNO3 solution has been successfully used
for dissolving the cake. Because of the greater solution stability it
is preferred over H202 cake dissolution methods.

MnO2 may be reduced by an excess of Cr(III) in the following manner:

2Cr+++ + 3MnO2 + H20 - 3Mn++ + %Cr 2 07 .(50% excess)

Since the dissolved cake solution is stored underground without addi-
tional processing, the nature of the ions introduced for cake dissolu-
tion is relatively unimportant.

4. Centrifugation Without Scavenging

The use of scavenging procedures for selective romoval of large pro-
portions of zirconium and niobium and lesser amounts of other fission-
product elements depends largely on on economic balance between costs of
the operations and savings that may result from them. In the event that
scovenging is not deemed advisable, the pernanganate used for ruthenium
distillation may be reduced through the Mn(IV). state (MnO2) to the soluble
Mn(II) state. If an excess of chromic nitrate is added to the oxidized
dissolver solution both the residual Mn(VII), as KMn04, and the Mn(IV), as
Mno2 precipitated during sparging, will be reduced th the soluble mangan-
ous nitrate. Two moles of chromic nitrate per mole of M104n plus one
mole per mole of MnO2 are sufficient to accomplish the reduction. The
reactions may be summarized as:

l0Cr(N03)3 +6RMnO 4 + 11H20 :3.6Mn(N0 3)2 + 312Cr20 7 +18HN03 + 2HCr207(20% excess)

2Cr(N03)3 + 3M402 + H20 -- 3Mn(N03)2 + E2Cr2 07.(50% excess)
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The centrifugation operation would still remove significant amounts

of the silicious dissolver-solution solids with no scavenger present.
It is likely that more of the very snall particles would pass through
the centrifuge, however, although increasing the solution holdup time
in the centrifuge bowl tends to improve solids removal. If adequate
silicious-particle removal can be obtained without scavenging, it may
be economical to abandon the scavenging operation.

E. IAF ADJUS.ENT

1. General

The centrifuged Dissolver solution. corrosponds rpughly to the
flowsheet IAF composition (-2.0 M UH, 0.1 M Na Cr 0 , -0.2 M ENO
end 0.38 _m NaNO ). The centrifuged solution i, Uoever, slight y
more concentratid in uranium and oxidizing agent than the flowsheet IAF,
and in addition contains about 1% by weight of ENO . The acid has re-
sulted from the small excess used in the slug-dissklving step to prevent
formation of difficult-to-extract plutonium complexes.

The operation of neutralizing the acid and producing the required
state of "acid deficiency" (-0.2 _M HNO ), and then adjusting, by dilu-
tion, final solution composition to thlt of IAF is carried out in the IAF
Make-Up Tank. This vessel also serves as the centrifugate catch tank.
After adjustment, the AF solution is batch-trnnsferred to the IA Feed
Tank which continuously feeds the uranium-plutonium-fission-product
stream to the IA Column. Further discussion regarding the specified
flowsheet concentrations are found in Chapter IV.

2. Acid Deficiency

The IAF solution containing -0,2 M HNO3 (0.2 M HNO acid deficient)
would become stoichiometrically neutral upon additlon of 0.2 moles of
HNO per liter of solution, The pH of the solution, however, is still
on he acid side (approximately 2). Acid deficiency is discussed further
in Chapter VIII, Decontamination in the IA Column is markedly improved
with an acid-deficient feed as compared to a feed slightly acidic. Most
of the improvement is traceable to much-improved ruthenium decontamination
with no important adverse effects on decontamination from other fission-
product elements.

3. Methods

The centrifuged feed solution as received in the IAF Make-Up Tank
contains plutonium and uranium in the (VI) oxidation state. Sodium
dichromate is present in solution (in about 0.1 M concentration) as a
holding oxidant for plutonium, since it is necessary that plutonium be
maintained in the (VI) oxidation state in the IA Column in order to
achieve satisfactory plutonium extraction (less than 0.2% loss into the
IAW aqueous effluent stream). Without the presence of a holding oxidant,
the reduction of plutonium (VI) to (IV) during the operation of making the
solution acid deficient is a possibility.
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The slight acidity in the centrifuged feed solution (approximately
0.2 M HNO3) is neutralize'd and the required state of acid deficiency is
produced by the addition of a sodium hydroxide solution (25%).

Final concentration adjustment is accomplished by dilution of the
batch to the required final volume.

F. GAS TREATMENT

1. General

Gaseus wastes from the Redox Plant consist of canyon, silo, and cell
ventilation air; air or nitrogen discharged from the various equipment
vent headers; and any gaseous products formed as a result of a process
operation. The latter group is the most important in that treatment
methods required to ready the gases for discharge into the atmosphere
are more elaborate because of the higher proportion of radioactivity in.
volved.

Canyon, silo, and cell ventilation air is filtered by a graduated
gravel and sand filter bed where radioactive particles in the air are
intercepted by the filter media.

Discharge gas from the vent headers passes through capsule-type
FiberglasAfilter units where, again, radioactive particles are in-
tercepted by the fibers of the filter.

The 'gaseous reaction products of greatest importance are those formed
in dissolving uranium metal and those formed in oxidizing the uranium
solutiori. Both are treated in more detail in subsequent parts of this
section. . In general, one or more specific operations is applied to each
and the exit gas from each special treatment is routed through a Fiber-
glas filter,,

All three general types of gaseous products are discharged into
the atmosphere through the Stack after passing their respective filters.
Reference is made to Chapter X for a detailed discussion of gaseous waste
disposal and the functions of the Stack and filter units,

2. Removal of Iodine with Silver Reactor

The themical nature of dissolver off-gas has been mentioned previously
In this chapter. Although radiciodine-131 has a relatively short half life
(about 8 days), it is still highly important as one of the elements of
the off-gas because of its tendency to concentrate in plant and animal
tissues if allowed to pass into the atmosphere. The radioactive isotopes
of two gases, xenon and krypton, contribute the bulk of the remaining
fission-product radioactivity to the off.gas stream. These elements are
usually of little concern from the physiological point of view since:

(a) being inert, they are not concentrated in living tissue;
(b) being gaseous under atmospheric conditions, they do not tend

to deposit out of the atmosphere, but are more or less uniformly
diluted."""* DECL.ASSIFID



WSW 325

The half life of xsnc'n-133 is about 5.3 days; hence xenon soon
decays to innocuous values after discharge into the atmosphere. Krypton-)
85, on the other hand, has a half life of about 9.4 years, and if dis- 7
charge of krypton were to continue indefinitely very slight contamination
of the earth's atmosphere would ultimately result (see Subsection jL).-~

The Redox Plant will be provided with Silver Reactorg for removal
of iodine from the Dissolver off-gases. Gaseous iodine will react with
hot silver or silver nitrate very rapidly when passed over the surface
of the solid. Iodine reactivity is increased with temperature. The
very high removal efficiency of iodine by hot silver is probably due,
in part, to the low vapor pressure of iodine above silver iodide at
operating temperatures. The equation for the reaction is:

12 1 2Ag --- > 2AgI.

Silver nitrate-coated packing is used for reaction with iodine.
The exact reaction mechanism is not known with surety but may be rep-
resented by the usual iodinc reaction in the presence of an excess of
silver nitrate:

6AgNO3 + 312 + 31120 - > 5AgI + AgIO3 + 6HN03.

There may be some AglO3 dissociation under operating conditions so that
the following series or reactions may occur to a limited degree:

2AgNO 3 -- >2AgN0 2 + 32, 2AgNO2 -- 2Ag + 2N02, 2Ag +12 --- > 2AgI.

Performance data on a small-scale silver reactor (2-in, diameter
unit packed with 1 in. of 1/4-in. silver nitrate.coated Berl saddles)
have indicated high iodine-rmoval efficiencies for even this relatively
shallow packing layer when dissolver off-gases were passed through the
unit at a rate of about 2 cu.ft./min. The efficiecy of the unit as a
function of the temperature of the packing bed is: 2 )

Temperature of Bed, OF. Per Cent of Iodine Removed

260 95.8
620 96.7
820 97.3

The BiP04 Plant Silver Reactor, installed in 221.B canyon, is 2 ft.
in diameter and is packed to a depth of 8 ft. with 1/2-in, silver nitrate.
coated ceramic Berl saddles. When the entire volume of dissolver off.
gases is passed through this unit, the vapor velocity in the Reactor
is approximately the same as that employed in the small-scale tests which
were described above. At an average inlet off-gas temperature of 4750F.,(exit off-gas temperature is about 300 0F.), the iodine.removal efficiency
of the Reactor has been 99.9%. The precision of sampling and analyt~caJtechniques prevent the determination of a fourth significant figure,

As inferred from the small-scale studies, most of the iodine is re-moved in the first inch or two of packing. Data indicate that the



326 DECLASSIFIED mowr
efficiency of iodine removal remains at a high level (95 to 994) until
the silver 4vailable for reaction in this packed depth is about 40 to 50%
depleted. When these data are extrapolated to plant-scale dissolving
conditions the theoretical life of the test unit in 221-B, based on
available silver, is on the order of 10 to 15 years. Secondary effects
such as spelling of the ceramic packing, passivation of the reactive
surfaces, or increased pressure drop may reduce the duration of high..
efficiency operation to one to two years, Th R dox Silver Reactor is
the operational equivalent of the 221.B unit. O1)

The temperature of the gases entering the Silver Reactor should becontrolled at between 450 and 500 0F. (which maintains exit gas temperature
at about 300 0F.) for the following reasons, in addition to high iodine-.
removal efficiency at this elevated temperature-

(a) At temperatures permitting condensation (less than 2200F.), the
rate of iodine removal decreases markedly. Appreciable condensa..
tion would remove silver nitrate by solution.

(b) At gas inlet temperatures above 5000F,, the silver nitrate starts
to soften, becoming noticeab y fluid (viscous) at about 5500F.and quite fluid at 60oo0 F,(1) (Even with gas inlet temperatures
of 45o to 5000F. the silver nitrate on a short section of pack-
ing near the inlet may melt, butthe viscous, molten silver
nitrate remains on the surface of the packing.)

3. Scrubbing of Dissolver Off-Gas

At this writing, plans are under way to employ the Silver Reactor asthe means of removing radioiodine from Dissolver off..gas. Originally ithad been planned to accomplish this, together with removal of oxides of -
nitrogen, by scrubbing the off-gas with a caustic solution in Off-Gas
Scrubbers. Means will yet be a&ailable for carrying out caustic scrubbing
following the Silver Reactor. Stub connections have been provided in the
off-gas lines for the later insertion of caustic scrubbers if desired.

Since most of the NO in the off.gas is oxidized to NO2 in the presence
of an excpsu.of air (there are about 3 volmes of air per volume of off-gases)
the reaction of 'the nitrogen oxides with caustic becomes:

2N02 + 2Na0H -NaNO 3 + NaNO2 + H20.

Radioiodine reacts with the caustic according to the following reac-
tion:

2NaOH + 12 ->NaI + NaOI + H20,

Evidence indicates that the sodium hypoiodite dissociates quite rapidly I
in the following manner:

3NaOI > NaIO3 + 2NaI.

Then'the composite reaction may be written as:

6NaoH + 312 ;;NaI0 3 + 5NaI + 3H20-
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Nearly the entire original amounts of radioxenon and krypton in the
Dissolver off.gas pass through the Off-Gas Scrubber and are emitted
from the Stack.

When the NO reacts with NaOH1, heat is liberated at the rate of
about 45,oo Bt.lb. mole of NO2 . The average rate of NO2 reaction
with NaOH in the Off-Gas Scrubber is about 6 to 7 lb. moles per hour
during a 6..hour dissolving period. The evolution of such large
amounts of heat necessitates either the use of a large excess of
caustic to carry away the heat of reaction, or a recirculating system
with the heat transferred to cooling water in a heat exchanger, The
Off-Gas Scrubber utilizes the latter method. The result is that the
ascending vapors in the Scrubber column are contacted by a solution
consisting of about 19% NaNO2 and 27% NaNO3 and enough free caustic
(about 6%) to provide a sufficient amount for the NO 2 reaction. This
amount of free caustic is equivalent to about 20 lb. moles per hour,
enough to react with about 3 times the average quantity of NO2
evolved per hour. It is anticipated that the maximum rate of NO 2evolution will be no more than 3 times the average rate.

Since most of the activity associated with Off-.Gas Scrubber aqueous
waste is due to radioiodine, and since the half life of this element is
about 8 days, it may be feasible to crib the waste after about one..half
to one year's decay time in the Underground Cascade. Eventual cribbing
may be possible only if long-lived fission products reach the Scrubber
wastes in very minute amounts and no other process Wastes are routed to
the Cascade which receives from the Off-Gas Scrubbers.

4. Scrubbing of Ruthenium Tetroxide

The hot gases passing into the Ruthenium Scrubber from the Oxidizer
contain ruthenium activity in the form of a volatile compound, ruthenium
tetroxide (Ru04). Large amounts of an inert carrier gas serve as the
sweeping agent for RuO), removal from the Oxidizer, Only trace amounts
of fission products otHer than ruthenium are present in the carrier gas.

The absolute quantity of ruthenium in the gas is quite small, on the
order of 2 to 3 grams per day. About 7000 to 8000 beta curios and 5000
to 6000 gamma curios of avtiyity are associated with this quantity of
ruthenium at 90 days' ago.(20

Laboratory tests have shown the removal of RuO; by absorption in a
caustic solution to be quite rapid.(2 8 ) Consequently, a 25% caustic
solution is employed as the recirculating scrubbing liquid for the
Oxidizer off.gas. The exact absorption mechanism is unknown; however,
it has generally been assumed that Ru(VIII) is reduced to Ru(VI) as
the soluble ruthenate salt, Na2RuOh.

Slight amounts (on the order of 50 mg./. or less) of sodium ruthena
ate in the caustic salution produce a weak orange color which is indic.
ative of the presence of this salt.
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Batch laboratory results indicate slightly more efficient ruthenium
tetroxide absorption in 3 M sodium hydroxide solution at room temperature
than at 95 to 100cc.(28) tt is necessary that the Ruthenium Scrubber be
operated at a temperature of about 90 to 9500. (to avoid condensation in
the Scrubber of large amounts of water vapor in the carrier gas); however,
insignificant ruthenium loss is expected because of the small absolute
quantities involved and the demonstrated effectiveness of the scrubbing,
Semiworks studies have indicated that less than 0.001% of the ruthenium
passes a recirculating caustic absorbing stream.

G. PROCEDURE

1. Normal Procedure

1.1 General

The Redox Plant is designed on the basis of a nominal uranium process..
ing rate of 2.1/2 tons/day. Since the design was based on an assumed time
effkciency of 80% (operating time is 80% of actual time), the nominal
instahtaneous rate becomes 3-1/8 tons of uranium/day. Figure 111-2 shows
a Material Balance Flowsheet and 111-3 an Engineers' Flow Sketch for the
Uranium Feed Preparation portion of the Redox process. The oxidation
and centrifugation steps of Figure 111.2 are based upon permanganate
oxidation for the distillation of ruthenium and upon co.formation of
manganese dioxide scavenger by means of the chromic nitrate strike for
reduction of residual permanganate for scavenging of zirconium and
niobium. As indicated in Sections C and D, alternative procedures might
be employed. Figure III.3 shows the equipment provided and line routings
available for the Redox process and will be referred to in connection
with the following discussion,

1.2 Coating removal and dissolving

Three Dissolver groups have been provided in the Redox Plant. Nor..
mally only two Dissolvers are required in order to maintain the basic
production rate. The third unit serves as a spare or may be used together
with the other two to rapidly build up a uranium.solution inventory when
required. Each of the three Dissolver units is complete in itself and
consists of a Dissolver, Rinse Tank, Off..Gas Heater, Silver Reactor,
Off-Gas Filter, Dissolver Drowning Tank, and Dissolver Large and Small
Weigh Tanks.. Reference is made to Figure 111-3 for equipment grouping
and line routings.

A basis charge to a Dissolver consists of 7700 lb. of uranium (about
1960 four-in. long slugs) in irradiated, jacketed-slug form. The slug.
handling procedures, through the loading of a slug charge into a Dissolver,
are described in Chapter II; the Dissolvers are described in Chapter XIII.
The following discussion applies specifically to the A..Cell Dissolver,
A-2,but is equally applicable to any of the Dissolver units.
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A heel of about one ton of uranium is normally carried in the
Dissolver and the new charge is dropped on the heel. Approximately
4950 lb. of 26% sodium nitrate solution is added to the Dissolver
from Large Weigh Tank A.2..A and the solution is heated to boiling
with the coil and sparger. The Dissolver is maintained at 20 to 30
inches of water negative pressure during jacket-removal operations to
prevent the out.leakage of fumes into the Dissolver cell. After the
sodium nitrate solution has reached its boiling point the steam sparg-
ing is discontinued, and 1370 lb. of 50% sodium hydroxide is added from
Small Weigh Tank A-2.C at a controlled rate of about 10 lb./min. The
heat of the NaOH - Al reaction is sufficient to keep the reacting
mixture boiling; the Dissolver Column Condenser returns the water reflux
back down the column. Upon completion of sodium hydroxide addition
the mixture is further refluxed for about two hours in order to remove
the heavy aluminum end-sections of the slug jackets. The charge is
then cooled to 00C. by valving cooling water to the coil, and the
coating waste solution is jetted to Waste Holdup Tank H-10.

A 1070-lb. water rinse followed by a 5520-lb. 5% nitric acid
rinse is added to the Dissolver, sparged, and finally directed to the
Waste Holdup Tank, 11-10. The combined coating-removal waste and rinse
solutions are jetted from the Waste Holdup Tank to an Underground
Storage Tank Cascade.

The exact dissolving schedule for the bare slugs may be dependent
upon meteorological conditions in the vicinity of the Plant; the treated
and filtered off..gases from the dissolving operation must be adequately
diluted by the atmosphere between the time they are discharged from
the stack and the time they reach ground level again. If the Redox
Dissolver off-gases are more decontaminated from radioiodinc than those
of the Bismuth Phosphate Plants, a more favorable dissolving schedule
(than the night dissolving of the Bismuth Phosphate Plants) may be
available for Redox.

Once it has been established that dissolving may begin, about
6370 lb. of 60% nitric acid is charged to the Dissolver from the Large
Weigh Tank. During the dissolving period water flow is maintained
through the Dissolver Column Condenser to reflux vaporized acid and
water, and the Dissolver Vent Jet is operated to produce as high a
vacuum as possible in the Dissolver,

Some heating through the Dissolver coil may be required to
initiate the dissolution reaction. However, once begun the reaction
proceeds quite rapidly, and it may be necessary to use cooling water
in order to prevent the vacuum pressure in the vessel from falling
below 10 inches of water. As the reaction proceeds it becomes less
violent due to consumption and, hence, dilution of the acid, and increased
heating is required to maintain the reacting mixture at the boiling point.After a period of about six hours the specific gravity of the boiling
solution has reached 1.82 indicating that the acid has been substantially
consumed and about one third of the 7700-lb. chbrge 'dissolved. Actually
the solution still contains about 11 nitric acid. About 1060 lb. (one
third) of the batch of previously accumulated slug rinse water is jetted
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from the Rinse Tank to the Dissolver, The addition of the dilution water
effectively halts any further nitric acid.uranium reaction and assures the
presence of a slight amount of acid in the solution,

After addition of the dilution water to the Dissolver solution at
the completion of the-cut, the entire mixture is jetted to the Metal
Solution Storage Tank, H-9, corresponding to the Dissolver in which the
dissolution reaction was carried out.

The second third of the uranium metal charge (second cut) is dissolved
in the same manner as the first. The third cut is also identical with
the first two except that the time cycle is lengthened from six to about
seven hours.

After transferring the third cut to metal solution storage, about
3000 lb. of water is added to the Dissolver to cover the approximately
one-ton slug heel that reonains. Just before the next charging operation
the water is transferred by jet to the Rinse Tank. It is used as dilution
water for the three cuts of the next charge,

1.3 Dissolver off.gas treatment

During the dissolution period the nitrogen oxides and volatile
fission-product elements evolved, together with air which leaks into
Dissolver A-2, pass out through the Dissolver Column vapor line and
into the base of the A-3 Off-Gas Heater. The vapors are heated by
electrical resistance heaters from an initial temperature of about
80 to 1200F. up to 450 to 500 0F. during their travel through the Heater.
A temperature controller maintains exit gas temperature between the
450 to 5000 F. limits by controlling the rate of heat input to the heat-
ing elements. The hot gases pass immediately into a Silver Reactor,
A-3, located above the A-3 Heater. During passage through the Reactor,
99.9% of the iodine is removed, and the temperature of the gases falls
to about 3500F.(10)

After treatment in the Silver Reactor the iodine..free gases pass
through the Fiberglas Filter, A-4, for removal of particulate matter and
thence to the Stack for discharge into the atmosphere. The driving force
directing passage of the off-gases from the Dissolver through the Heater,
Silver Reactor, and Fiberglas Filter is supplied by the Dissolver Vent
Jot, located near the Stack.

During the coating-removal operation the off-gas consists princi-
pally of air which leaks into the Dissolver plus small amounts of ammonia
and hydrogen evolved by the reaction. It may be necessary to by..pass
(by means of the remote valving provided) the Fiberglas Filter to prevent
the small quantities of ammonia from reacting with moisture and oxides
of nitrogen that may reside in the Filter is small amounts. Formation
of ammonium nitrate might increase Filter pressure drop excessively.
Tasts are under way to establish whether or not by-passing the Filter
during coating removal is a necessity.
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It is possible that an Off-Gas Scrubler will be utilized at a later
date for removal of nitrogen oxides from lissolver off-gases. In
scrubbing, the gases rising through the Scrubber Column are contacted
by a solution (nearly saturated in NaNO2 and Na:0-3 and containing about
65 free NaOH) which flows down through the Raschig.-ring column packing.
Part of the solution falling through the colmn is fresh 40% NaOH fed
continously during the scrubbing period from an Off-Gas Scrubber Caustic
Tank at the rate of about 2.7 gal./min. Recirculating NaNO2-NaNO3
solution (composition due to nitrogen oxides absorption in caustic) in
amount equal to about 5 to 6 times the volume of fresh caustic is re-
turned to the top of the column by pump. Remo be valving in the pump
discharge line diverts a portion of this solution to an Underground
Storage Cascade.

1. Metal solution storage

By referring to Figure 111-3 it may be seen that three Metal Solution
Storage Tanks with a total capacity of several days' supply of uranium
solution (actually about 10,000 gal.) are provided for the Redox Plant.
Storage Tank H-9 receives from Dissolver A-2-A; H--8, from Dissolver A-2.B;
and either H-9 or H-8, from spare Dissolver A-2.C. Since all three cuts
of a particular dissolving charge must be collectod in the same storage
tank there is a blending of the cuts which tends to produce uniformity
of composition. Uniformity of conposition between charges is attained
in some degree by the necessity of routing the contents of Tanks H-9
and H- to a large storago tank, H-7 (TK.108).

1.5 Oxidation and scavenging

A daily charge of uranium solution is transferred by jet from Metal
Solution Storage Tank H-7 to Oxidizer H-4. The daily instantaneous
processing rate of 3-1/8 tons of uranium per day corresponds to about
1600 gal, of solution in the Oxidizer.

Several alternative procedures are available for the oxidation-
scavenging operations. They are briefly summarized as follows:

1.51 KMnOj, procedure with MnOp scavenging

The uranium solution in the Oxidizer, H-4, is made 0.03 M in potas-
sium permanganate (KMnOj), 0.09 M in sodium dichromate (Na 2 Cr2O7 .2H20),and heated to about 950. by means of coil steam. Negative pressure is
maintained in the vapor space of the Oxidizer and in the Oxidizer Column,
E-4, by the Oxidizer Vent Jet. After reaching operating temperature the
solution is sparged with air for four hours at the rate of about
200 cu.ft./min. The air serves as a carrier gas to sweep out the vola-
tile ruthenium tetroxide (RuOh) formed by the oxidizing action of the
KMnO 4 . At the end of the four-hour ruthenium distillation period, one
mole of chromic nitrate per mole of KMnO4 not yet reduced plus 5% excess
chromic nitrate, based on the original amount of KMn% present, is added
to the hot solution in the Oxidizer. The MnO2 precipitate is digested
for about one-half hour at 750C. to aid in the adsorption of zirconium
and niobium. The Oxidizer slurry is jetted to the rotating Centrifuge
bowl at the rate of about 2 gal./min. The Centrifuge, H-2, should be
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operated at its maximum speed of 1740 rev./min. (1730 G). The Supernate
liquor overflows into the IAF Make-Up Tank, H-1. After approximately
half of the Oxidizer slurry has been jetted to the Centrifuge the cake
volume is about 20 gal. Feed to the Centrifuge is discontinued and about
40 gal. of supernate, held up in the 60-gal. bowl, is skimmed to the
IAF Make-Up Tank. The cake is washed about four times with 40 gal. of
0.01 N HNO solution each time and washes are skimmed to the Oxidizer
via the je in the Centrifuge effluent line. The cake is dissolved
by the addition, through the bowl sprays to the slowly rotating
Centrifuge bowl, of about 40 gal. of solution consisting of about
20% ferrous sulfamate and 104 nitric acid. The dissolved cake solu-
tion is jetted to the Slurry Hold-Up Tank, H-3. The remaining portion
of Oxidizer slurry is then routed through the Centrifuge, the super-
nate is skimmed, and the cake is washed and dissolved in an identical
manner to that described for the first half of the batch, It may be
noted that this procedure corresponds to that listed in Figures 111-2
and 111-3.

1.52 1W04, procedure without scayenginE

The uranium solution in the Oxidizer, H-4, is made about 0.03 M in
potassium permanganate, 0.09 M in sodium dichromate, and heated to about
95*C. by means of coil steam. As before, negative pressure is maintained
in the vessel. After reaching operating temperature the solution is
sparged with air for about four hours at the rate of about 200 cu.ft./min.
About 20 to 50% excess of chromic nitrate is added at the conclusion of
the sparge period to reduce all manganese ions to the soluble manganous
nitrate. (See Subsection D4J' The solution is jetted at approximately
2 gal./min. to the rotating Centrifuge bowl where gross particles are
removed. After the Oxidizer has been emptied the supernate held up in
the Centrifuge bowl is skimmed foward to the IAF Make-Up Tank. Period-
ically it will be necessary to remove the gross particles accumulated in
the Centrifuge bowl. This may be accomplished by slurry-out methods or
by dissolution of the particles.

1.53 Ozone-Filtrol procedure

The uranium solution in the, Oxidizer, E-4, is made about 0.01 M in
potassium permanganate and heated to about 950C. by means of coil steam.
Negative pressure is maintained in the vapor space of the Oxidizer and
in the Oxidizer Column, E-4, by the Oxidizer Vent Jet. After reaching
operating temperature the solution is sparged for about six hours at
the rate of about 200 cu.ft./min. with a gas consisting of 2% ozone in
air. The ozone oxidizes and sweeps RuO4 out of solution. At the end
of the ruthenium distillation period the solution is made about 0.1 M
in Na2Cr207 2%20. Following dichromate addition all the mariganese is
reduced to soluble manganous nitrate by the addition of an excess of
chrfmic nitrate. About 220 lb. of Super Filtrol F,0. is added in
slurry form to the Oxidizer and digested at 950C. for one-half hour.
The slurry is jetted to the rotating Centrifuge bawl at the rate of
about 3 gal./min. After about one half of the batch has been centri-
fuged, supernate ekimming and cake-washing methods as described under
G1.51, above, are carried out, and the Super Filtrol cake is slurried
to the Slurry Hold-Up Tank, H-3. The remaining half of the Oxidizer
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batch is then processed in like manner. After sampling of the Filtrol
cake in the Slurry Hold-Up Tank shows tolerable plutonium losses (less
than 0.1%) the slurry is jetted to an Underground Storage Cascade.
Upon completion of slurry jetting, the line to the Cascade is flushed
with about 500 gal. of water.

Because of the reasons d!.scussed in Subsection C3.3 the plant
Ozonizer may not actually be installed,

1.54 Modified procedures

The three specific procedures suggested above my have several
variations. The sparge gas for any of the procedures might be air,
ozone, or steam. If steam were used, operating temperature for the
ruthenium distillation operation would be the boiling temperature of
the solution,

In the event of too rapid KMnO4 decomposition in the Oxidizer,
an incremental addition of M4nO4 may be indicated for either of the
two KM04 procedures. A procedure used in semiworks studies makes
the dissolver solution 0.01 M in KMnO initially. A second equal
portion of KGnO4 is added to the solu ion after 1-1/2 hours of
sparging, and a third portion after 3 hours. If the uranium solution
is made 0.08 M in KMnO4 initially, semiworks data indicate that a
sufficient fraction of D04j remains undecomposed at the end of the
ruthenium volatilization step, but the larger quantity of MnO2 formed
lengthens the centrifugation cycle.

Other satisfactory reducing agents for MnO2 cake dissolution ( 202
or Cr(N03 )3 , for example) may be substituted for Fe(II) in Subsection
1.51.

Although the Oxidizer Column is equipped with a reflux condenser
the condenser is not normally used for any of the procedures because
of the probability of refluxing some of the Ru0 back to the Oxidizer.
Replacement water (for that lost in the non-reflused vapors) is added
as requirMd from Chemical Addition Tank H-4-C- in order to prevent
freezing of the contents of the Oxidizer if cooling of the solution
is required.

1.6 Ruthenium scrubbing

The volatilized RuO . water vapor, and carrier gas are directed
into the Ruthenium ScrubBer, H-5. In the Scrubber the hot gases are
contacted countercurrently with 25% sodium hydroxide, and the Ru04 is
removed almost quantitatively as sodium ruthenate. The caustic scrub
is batch-charged to the Ruthenium Scrubber and daring Scrubber opera-
tion is continuously recycled from the Scrubber pot to the distributor
near the top of the packed section. A short packed deontrainment
section above the distributor minimizes entrained liquid that would
otherwise carry over with the scrubbed gases. The Scrubber is operated
at approximately the same temperature as the Oxidizer to avoid excessive
caustic dilution due to condensation in the Scrubber of large amounts
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of water vapor. Periodically, on the order cf twice a week, the caustic
solution in the Scrubber is dotted to the Waste Neutralizer (see Chppter-
X) and replacement is made with fresh 25% sodium hydroxide.

The exit gases from the Scrubber, still containing large amounts of
water vapor, are passed through a condenser to remove the water. The
Oxidizer Vent Jet, providing the driving force for the vapors, draws theresidual, relative3,v dry gases through a Fiberglas capsule for removal
of remaining particulate matter and thence discharges them to the Stack.

1.7 IAF adjustment

The daily batch of solution, oxidized and centrifuged, consists
of about 1370 gal. About 800 lb. of 25fo sodium hydroxide solution is
added to the uranium solution in the IAF Make-Up Tank, H-1. Dilution
of the solution to about 1580 gal. is then accomplished by the addition
of about 900 lb. of water. Water and 25% sodium hydroxide are both
added from Chemical Addition Tank nubered "H-1 and 3-A". Uniformity
of composition in the IA? Make-Up Tank is attained by agitation.

When the volume remaining in IA Feed Tank F-7 is small enough to
permit the transfer of the contents of the IAF Make-Up Tank, a submerged
pUMp effects the move at a rate of about 50 gal./min. in about 0.5 hour.

2. Remedy of Off-Standard Conditions

2.1 Excessive fission-product activity in Stack

The condition whereby too high a proportion of ruthenium tetroxide
escapes from the Ruthenium Scrubber can be corrected in some degree by
increasing the caustic recirculation rate in the Scrubbers* An alterna-
tive or concomitant method is to reduce the gas flow rate to the Scrubbers.
This, however may require lengthening the time of the ruthenium distil-
lation operation. If too much iodine escapes from the Silver Reactor,
the unit will probably require replacement.

Detection of either of the conditions mentioned above would be
made by Stack sampling methods described in Chapters X and XXI.

2.2 Greater than normal Ru, Nb, or Zr activity in LAF

This problem may be handled in two ways. The feed may be sent ahead
to the Extraction Battery and oadther an additional decontamination cycle
may be employed, or rework of one or both of the product streams may be
undertaken if decontamination specifications are not satisfied. Alterna-
tively, the feed may be returned to the Oxidizer for additional treat-
ment (ruthenium distillation and scavenging) in that vessel.

This off-standard condition may be detected from samples taken at
numerous points in the process or from the inability to meet fission-
product specifications in the product streams.
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2.3 Carry-ovet of fines from centrifugation

The solution may be sent ahead with recognition that the solvent-
extraction columns may have to be cleaned out earlier thAn would other-
vise be necessary. (However, pilot-plant column operation indicates
that fines, especially MnO2 fines, are swept out in the IA Colum
aqueous waste). A second alternative is to return the solution to
the Oxidizer for refeeding to the Centrifuge.

This condition may be detected from samples or, if especially
bad, by reduced quantity of cake (measured by weight factor after cake
dissolution) over that expected. It might not be detected until column
performance is affected.

2.4 Excessive U or Pu loss with filter cake

Excessive losses of uranium or plutonium (greater than 0.1%) with
the filter cake slurry or solution may be recovered by recycling the
material from the Slurry Holdup Tank to the Oxidizer. The small
quantity of solution or slurry would normally be processed with the
ne2* Oxidizer batch.

This condition is detected by routine accountability samples of
the cake slurry or solution.

2.5 Formation of plutonium (IV) polymer

Plutonium (IV) polymer formation might result from inadvertent
dissolving to acid deficiency or from a possible reduction from Pu(vi)
in the presence of an acid-deficient solution in the IAF Make-Up Tank.
In either event, since only strenuous hot oxidation methods, e.g.,
treatment for 2 to 6 hours with 0.1 M sodium dichromate near boiling
temperature, seem adequate for converting Pu (IV) polymer to Pu (VI),
the solutions would have to be routed to the Oxidizer, the only vessel
capable of giving the required treatment.

The condition might be detected from samples indicating excessive
plutonium losses in the IA Column.

2.6 Necessity of rapidly arresting uranium dissolution reaction

If dissolving proceeds too rapidly, positive pressure may be built
up in the Dissolver. Coil cooling water may be used to reduce the rate
of reaction. In cases of extreme emergency, the water in the Dissolver
Drowning Tank may be dropped into the Dissolver very rapidly, thus almost
immediately arresting the reaction. Excessive pressure in the Dissolver
will be indicated by pressure recorders over the Dissolver Column.

2.7 Sludge build-up in the Dissolver

Incomplete removal of solids (bonding material and scale sludges)
may be expected when jetting solutions out of the Dissolver. If the
high silicon-content sludge contributes more foreign material than can
be removed in centrifugation or if the tendency toward solution emulsi-
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float.ipn is $noreased to the extent that oolumn operation is 4zpaired,

t1 the need for sludge removal from the Dissolver may be indicated.
OP ooizeidat method for sludge dissolution is by use of a solution of

5% 4 3.n 10% W03. BScausO of the corrosive effect of this solution
on the Dissolver, solution contact time with the Dissolver should be
kept to a minimum; about 10 minutes at 10000. should be adequate for
removing most of the sludge. A 30% 3103 passivation flush should
follow tho, HF treatment.

This off-standard condition might be detected through erratic inter-
face instrument action on the 1A Column or increase in silicon as deter-
mined by spectroscopic assay on uranium or plutonium product streams.
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tR:T II. PROCESS, continued
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CHAPTER IV. PROCESS CEEMISTEY (soLvwET-nmTACTIoN)

A. PROCESS DESCRIPTION

1. Basic Principles

1.1 Introduction

The Redox process utilizes solvent-extraction to recover uranium and
plutonium from irradiated uranium slugs. In the process the uranium and
plutonium are recovered as separate aqueous solutions of their nitrates,
which are relatively free from other transurenium as well as fission-pro-
duct elements formed during irradiation of the slugs. The composition of
the irradiated slugs is given in Chapter II, while the preparation of
Redox feed solution from the slugs is described in Chapter III. Chapter
IV embodies a discussion of the chemistry of the solvent-extraction system
from the prepared feed solution to the separate, concentrated, uranium
and plutonium product streams.

The informction contained in Chapter IV is divided into three parts:
Section A is a discussion of the chemical Variables of the process,
Section B contains a detailed data summary of the physical and chemical
properties of the process matdrials, end Section C gives a detailed sum-
mary of the equilibrium data for the mass transfer of Redox process com-
ponents between aqueous and hexone phases. Subsection 1 of Section A is
a discussion of the basic physical chemical principles of solvent-extrac .
tion leading to the formulation of alternative Redox chemical flowsheets;the remaining subsections discuss in greater detail the application of
the basic principles to the individual steps of the Redox process flow-
sheets.

1.2 Solute distribution between equilibrated liquid phases

If an aqueous solution of uranyl nitrate is placed in a beaker and a
layer of hexone is added, it quickly becomes, apparent that some of theuranyl nitrate solute in the aqueous phase transfers to the organic
solvent. The operation is referred to as solvent-extraction and the masstransfer may be followed qualitatively by observation of the change incolor of the two liquid phases, ot quantitatively by analysis of the
separate phases. Similarly, if the hexone layer is removed from the abovesystem and placed in contact with fresh water, some of the uranyllnitrate
solute transfers back to the aqueous phase. The latter mass transfer
operation is referred to as stripping to indicate the removal of a desiredsolute such as uranyl nitrate from a solvent phase such as hexone.

If either of the above two-phase systems is agitated to cause inti-mate intermixing of the two immiscible liquid phases, it is found that theurenyl nitrate concentrotion in each phase becomes constant, althoughusually not the same concentration in both phases. When constant con-centrations have been attained, a dynamic equilibrium has become estab-lished with the number of uranyl nitrate molecules leaving the aqueousphase equal to the number returning in a given time. This process ofattaining equilibrium between the two phases is termed "equilibration" of.
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the phases. It has been found experimentally that the distribution of a
solute in such a two-phase system depends on the relative solubility of the
solute in each phase. The distribution of uranyl nitrate may therefore be
altered by the simple expedient of altering the relative solutility of the
uranyl nitrate in either the aqueous or the hexone phase.

The system is directly comparable to the equilibrium between a con-
fined gas and a solution of the gas. Thus if carbon dioxide is confined
with some water, the C02 becomes distributed between the gaseous phase and
the aqueous solution. If the solubility of the carbon dioxide in the water
is reduced, as by the addition of ordinary salt to the water, the equili-
brium is temporarily upset, releasing some of the dissolved gas and result-
ing in a higher distribution of the C02 to the gaseous phase. On the other
h*nd, if what might be called a C0 2 -complexing agent,such as ammonia,is
added to the water, the solubility of the carbon dioxide in the aqueous
phase is increased. Then the equilibrium distribution of the C02 is shift-
ed in favor of the aqueous phase.

In the Redox solvent-extraction system the relative solubilities of
the nitrates of uranium, plutonium, and the fission-product elements are
similarly controlled in order to effect their separation from each other.
The factors effecting relative solubility and therefore the distribution
ratio between water and an organic solvent include the nature of the Sol-
ventsolvotion, temperature, salting in the aqueous phase, hydrogen ion
concentration, the state of oxidation of the various cations, and complex
formation. These factors are discussed under 1.21 through 1.27, below.

1.21 Distribution ratio

The ratio between the concentrations of a given solute (e.g., uranyl
nitrate) in each of two liquid phases in contact equilibrium is variously
referred to as the distribution ratio, distribution coefficient, or parti-

tion coefficient. It is designated by the letter E to which a subscript
and superscript are appended to indicate which phase is the reference
phase. Thus for uranyl nitrate, E (or EM indicates the ratio of the
concentration of the uranyl nitrate in the organic (or hexone) phase to

the concentration in the aqueous phaso. The numerical value of a given
distribution ratio will very according to whether the concentrations are

expressed on a weight basis (such as grams of uranyl nitrate per gram of
solution), or on a volume basis (such as grams of uranyl nitrate per liter
of solution). However, the volume basis is used throughout this manual

unless otherwise indicated.

It is to be noted that, for a given system at equilibrium, the solute

concentration ratio may be expressed in two ways, and the basis being used

should always be clearly stated end understood. Thus the distribution
ratios:

EB .34.0

and E . 0.25

may both be used to identify the same mass transfer equilibrium in which
the uranyl nitrate concentrations are 20 g./l. in the hexone phase and

5.0 g./1. in the aqueous phase.
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The distribution of urenyl nitrete tends to be relatively constantat low concentrrtions (cc. 10 g./i. in the aqueous phase) in hexone-aqueous systems, but it varies markedly at higher concentrations as maybe seen by reference to Figure IV-31. By wey of comparison with anothersystem, uranyl nitrate distribution appears to be largely independent ofconcentration in aqueous-dibutyl cellosolve phase equilibrium (an alter-native uranium solvent-extrcction system).

The distribution ratio is the ratio of the solute concentrations re-gardless of the relative volumes of the two liquid phases. It is apperent,however, that the amount of uranyl nitrate extracted from aqueous solutionby hexone, for example, is dependent upon the relative volume of hexoneused as well as the uranyl nitrate distribution ratio. The mass transferrelationship between the distribution rotio and the phase volume ratio isexpressed by the extroction factor, which is discussed briefly in 1.52below, and more extensively in Chapter V.

1.22 Choice of solvent

For the separation of uranium, plutonium, and fission products bysolvent-extraction, tte choice of tho solvent to be used depends upon anoptimum combination of the following solvent characteristics: (a) ex-traction effectiveness and selectivity for uranium and plutonium,(b) lowmutual solubility with an aqueous phase in contact, (c) chemical stabilityin the system, (d) low vapor pressure and high flash point, (a) suitabledensity, viscosity, and interfacial tension in the system, (f) ease ofpurification for recovery by such methods as distillation, (g) availabilityand low cost, (h) non-corrosiveness, and (i) low toxicity. Early in thedevelopment work on a solvent-extraction separation process, hexone wasfound to meet the decontamination, availability, and recovery requirementsfairly well. Therefore, while the search for better solvents was still inprogress, the hexone (Redox) system was developed into a workable processin spite of the fact that it was recognized that more suitable solventsmight be developed later. For the properties of hexone reference is madeto Subsections Bl, B2, and B3.

1.23 Solvation

Solvation refers to the binding of solvent molecules to dissolvedsolute ions or molecules by physical or chemical forces. In the uranylnitrate-water-hexonc system in the beaker experiment mentioned previously,the uranyl nitrate is hydrated in the aqueous phase. When the uranylnitrate transfers to the hexone solvent, the mass transfer occurs asmolecules of urcnyl nitrate associated with three to four molecules ofwater. In the organic phase the uranyl nitrate is solveted with probablytwo molecules of hexone in addition to the water which participated in thetransfer (see Subsection B3).

Alteration of the state of solvotion of a solute in one phase of atwo-phase system alters the relative solubilities of that component in thetwo phases. Thus if aqueous uranyl nitrate solution i. adaed to a beakercontaining a hexone solution of nitric acid, ruthenium 133), or cerium(lll)the latter components may be at least partly displaced from the organic
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to the aqueous phase. The distribution ratio of the displaced component is
thereby altered. In the competition of the solute molecules for solvation
by hexone, the uranyl nitrate forms the stronger solvation bonds with the
hexone and therefore displaces the fission products or acid from hexone salva-

tion complexes. The situation is comparable to the top of the Redox IA
Column extraction section where concentrated aqueous uranyl nitrate solution

is meeting alhexone stream which has been equilibrated with the aqueous
fission product waste stream. The resulting effect of displacing fission-

products from hexone solution back to the aqueous phase is sometimes referred
to as "back salting".

1.24 Salting

A common method of reducing the solubility of a compound in a given
solution is by the "salting' effect of a common ion. Thus the addition of

a nitrate to an aqueous solution of uranyl nitrate will reduce the uranyl
nitrate solubility in the solution. If such an aqueous solution is in

contact equilibrium with a hexone phase, the solubility of the uranium in

the aqueous phase is decreased relative to the hexone phase. The Eg dis-
tribution ratio is thereby increased.

The uranyl nitrate is largely ionized in the aqueous phase, but it is

transferred in the molecular state into the hexone. Then the effect of

salting on mass transfer equilibrium can be explained by reference to the

mess-action law relationship expressed in the following equation:

[UO2 AQ.+ 2 [No3 Ag.+ xE20 [UO2(NO3 2xf2OJ Aq. [UO2(NO)j*xH2OJ Org .

The addition of nitrate ion to the aqueous phase decreases the ionization

of the aqueous uranyl nitrate and increases the transfer of the molecular

salt to the organic phase.

The same effect is produced by simply increasing the concentration of

the uranyl nitrate in the aqueous phase. However, it takes a large increase

in U02(NO) concentration to decrease the ionization of the salt materially,
as may be seen by reference to the following table:(6)

Ionization of Uranyl Nitrate

Aqueous U02(NO3)2 .6H20 molarity 2.0 1.0 0.5 0.25 0.125

Grams U02(NO3)2 .6H20 per liter 1004 502 251 125.5 62.75

Degree of ionization 0.78 0.80 0.82 0 .88 0.94

Therefore an increase in aqueous UO (NO3) concentration from 0.5 to 1.0 M,

for example, will result in the presence if? the hexone phase of a lower

proportion of the total uranyl nitrate in the two-phase system.

The extent of the salting action produced by a given agent is not

only dependent upon the amount of commo ion edde but also on the sol-

vation of the cation of the added salt. 2,27, ) Thus one equivalent

of aluminum nitrate will have greater salting effect than an equivalent

of sodium nitrate partly because of the hydration of the aluminum ion as

compared with the sodium ion. Withdrawal of aqueous solvent by the

DECLASSIMED



n DECLASSIFIED 4  7
hydr tion of the added cation has the effect of increasing the nitrate con-centration and producing added Salting.

Dlifferences in the salting effects of different ectrolytes are alsodependent upon the ionic strengths of the compoids.M The ionic strengt,is a concentration property which takes into account the effect ofinterionic attraction by including the ionic charges. It is defined by theequation:

(m+ (L+)2 + (m)(e_)2
2

where m+ and m.. re the respective molalities (gram-moles per thousandgrams of solvent), end e + and a- are the respective charges or valencesof the positive and negative ions. For comparison of the salting effectof sodium nitrate with aluminum nitrate, the ionic strength of a 0.1 molalsodium nitrate solution is:

(0.1)(1)2 + (0.1)(1)2
p~~~ ----- ---- = 0 .1

For 0.1 molol aluminum nitrate the ionic strength is:

(0.1)(3)2 + (0.3)(1)2
II- ~ . ____= o.6

2

Therefore, one mole of hydrated cluminum nitrate (375 g.) has six timesthe ionic strength of a mole of sodium nitrate (85 g.) dissolved in thesame quantity of solvent, or 0.735 gram of Al(NO3 )3 9H20 is equivalentin salting strength to one gram of sodium nitrate. The relationship isused in the salting strength calculations described in Chapter V.

The choice of a sclting agent for the Redox process was dependentupon the following factors: (a) availability, cost, and possibility ofrecovery, (b) chemical stability and inertness toward the system, (c)effect on volumes and neutralization requirements of the waste solutions,(d) insolubility in hexone, (e) effectiveness in producing high distribu-tion ratios at low degrees of saturation, (f) selectivity in salting thedesirable components of the system (decontamination), and (g) the effecton interfacial tension, aqueous density, and viscosity in the system.

Ammonium nitrate and aluminum nitrate have been extensively testedin the Redox system, and a number of other salts have been tried. SeeFigure IV-30 for c comparison of the effects of ammonium nitrate, calciumnitrate and aluminum nitrate on the distribution of uranium into hexone.Aluminum nitrate was chosen for the Redox process largely on the basis ofits stability in addition to its general conformity with the other require-ments.
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1.25 Temperature

If heating or cooling is applied to an Dqucous-hexone system which has

been equilibrated in a beaker, a change is produced in the distribution of
a component dissolved in the two-phase system. This change in the distribu-
tion ratio may be due to two factors. The temperature coefficient of
solubility of Redox process components is different for aqueous and hexone
solutions, and consequently a temperature change produces a change in the
relative solubilities of a given component in the two phases. Furthermore,
the transfer of a solute from water to hexone solution may involve a heat
exchange due to the formation and separation of hydration and solvation
bonds as in the case of uranyl nitrate.

The following equation may be used to express the equilibrium for the
transfer of uranyl nitrate between aqueous and hexone phases:

[UO2(No3 2 '6H201 Aq.Z [UO2(N3 2.XH2OJ11ex+ (6 - x)H2o + Heat.

In other words when hexone is added to an aqueous solution of uranyl nitrate
in a beaker, heat is evolved by the transfer of some of the uranyl nitrate
to the hexone phase. Then if the temperature is raised after allowing the
system to come to equilibrium, by application of the principle of Le
Chatelier to the above equation it may be seen that some of the uranyl
nitrate is transferred back to the aqueous phase. The effect is illustrat-
ed by the following table of coefficients showing de sed distribution
into the organic phase as the temperature is raised. V

Variation of Uronyl Nitrate Distribution

With Temperature

Temperature,00.

11 255
15 191
21 151
27 121
35 84.1

Aqueous phase: 0.12 M U02(N03 2
2.4 M Al(N03)3.

The heat effect illustrated in the above equation is apparent in the
Redox process by the evolution of heat in the extraction sections of the

IA, 21), and 3D Columns, and by the absorption of heat in the stripping,
columns IC, 2E, and 3E. Since uranyl nitrate is the Redox component trans-
ferred in largest amount in the process, its effect masks the heat effects
resulting from the transfer of any other Redox process components. For
the heats of extraction of Redox process components see Subsection B10,
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and for detailed data on the effect of temperature on mass transfer
equilibria see Section C of this chapter.

1.26 Hydrogen ion concentration

If an aqueous solution of uranyl nitrate is in equilibrium witha hexone phase in a beaker, the addition of nitric acid to the systemwill alter the uranyl nitrate distribution. In general the presenceof excess nitric acid in the aqueous phase has the effect of increas-ing the uranium distribution into the organic phase. This is due to thecommon ion salting effect of the nitrate ion formed by dissociation ofthe nitric acid.

A further consequence of the presence or absence of excess acid in tLsystem is the effect on the pH. The hydrogen ion concentration in theaqueous phase may control the nature of the ionic or molecular species ofa dissolved salt .which in turn influences the distribution of the saltbetween the aqueous and hexone phases. Thus the transformation betweenuranyl ion and its dimer in aqueous solution is dependent upon the pH ofthe solution as indicated by the following equationt (6,47,52,72,126)

2UO2 ++ + H20 U20++ + 2H +

The dimer ion is formed in aqueous solution above a pH of about 3, whichis equivalent to about 0.025 M uranyl nitrate solution. The pH of theaqueous phase also influences the dissolved plutonium species (see Sub-section B6), and therefore also the plutonium distribution in an aqueous-hexone system.

1.27 Oxidation stte

The distribution of any metallic salt in an aqueous-hexone systemvaries with the state of oxidation of the cation. This may be illus-trated by the following table for the distribution of plutonium into he;nfrom an aqueous phase 0.5 M in ENO and saturated with amonium nitrate:I~l)

Plutonium Distribution

Valence State Distribution Ratio. E

III 0.14
IV 1.7
VI 9.8

The table illustrates the principle that generally the higher the oxidationstate of a cation the greater is its organic solubility. Exceptions to therule are Pu(V) and Np(V), which strongly favor the aqueous phase. Then ifa reducing agent is added to o beaker containing an oqueous-hexone systemat equilibrium with respect to Pu(vI), reduction of the plutonium causes achange in the Fu distribution ratio in favor of the aqueous phase. This isthe basis for the separation of uranium and plutonium in the edox urColumn where the plutonium oxidation state is lowe red to the aqueous-'av0 r.ing Pu(III) state while the uranium is unchanged. For detailed data on the
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effect of the oxidation state on the distribution of the several Redox com-

ponents, see Section C.

1.28 Qomplex formation

The addition of another substance to a liquid phase may increase, rather

than decrease, the solubility of a solute in that phase. Thus it has been
noted before that Pu(III) nitrate is relatively insoluble in hexone; however,
the solubility may be greatly increased by the addition of 8-hydroxyquinoline
which forms a hexone-soluble chelate complex with the Pu(III) ion. Then in
a hexone-aqueous system, the organic-to-aqueous distribution ratio for Pu(III)
may be increased by the addition of such a complexing agent to the system.
During the early study of solvent-extraction processes for separating uranium
and plutonium, considerable work was done on the addition of chelation com-
pounds to r 1nig olvents in order to increase the solvent solubility of
plutonium. fluO,13j Chelating or other special complexing agents were forad
to be unnecessary for operation of the Redox process with hexone as the
solvent.

The structures of the organic soluble chelate complexes are indicated
by the following formulas for the Pu(III) complex with 8-hydroxyqginoline
and the Pu(IV) complex with thenoyl trifluoro acetone (TTA), which is used
in plutonium analyses (see Chapter XX),

jN
(K -Pu(III)

i< /

PU(IV)

If uranyl nitrate is distributed at equilibrium between aqueous and

hexone phases in a beaker, the addition of sulfate or phosphate ions to the

aqueous lbtse g~ifts the urenium equilibrium in the direction of the aqueous

phase. lo,5o This result may be interpreted as an increase in the rela-

tive solubility of the uranyl nitrate in the aqueous phase due to the forma-

tion of the sulfate or phosphate gnium complex. A similar effect is pro-

duced on plutonium distribution.( The presence of sulfate and phosphate
ions is therefore generally undesirable during uranium and plutonium extrac -

tion. (However the high aluminum nitrate concentration (1.3M) in the IB

RMMU 
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Column is sufficient to overcome the effect of 0.05 M SO 7, which may beintroduced as ferrous ammonium sulfate in conjunction with sulfamic acid,
as reducing agent.)

1.3 Introduction to solvent-extraction

The recovery of uranium and plutonium from irradiated slugs by solvent-extraction involves (a) contacting the aqueous feed solution with hexoneto permit the transfer of uranium and plutonium to the hexone phase, (b)separation of the phases after the desired mass transfer has taken place,and (c) separate recovery of the uranium, plutonium, and the hexone solvent.In the equilibration operation the hexone is referred to as the extractantand the hexone solution produced is the extract phase. The waste solution,from which the uranium and plutonium were extracted, is referred to as theraffinate phase.

As noted before, the extraction operation may be effected in thelaboratory by mixing hexone with the aqueous feed solution in a beaker (orother convenient vessel such as a seperatory funnel), then allowing thephases to settle or disengage. The mixing and settling operation representsan extraction stage", and it is an ideal or theoretical stage if equili-brium between the phases ("phase equilibrium") is attained during themixing and settling operation. The nearness of approach to phase equili-brium during a single mixing and settling operation is used as a measureof the efficiency of the stage. Multiple-stage countercurrent extractionmay be effected by the use of an additional vessel for each additional ex-traction stage desired, by mixing and settling the two-phase system in eachvessel, then transferring the phases in opposite directions through theseries of vessels.

When the aqueous feed solution is extracted with hexone in the Redoxprocess, the variables discussed under 1.2 (e.g., salting strength, pH,and cation oxidation state) are controlled to favor the extraction ofuranium and plutonium while retaining the fission products in the aqueousphase. However, some fission-product transfer to the organic phase doesoccur. Such contamination of the hexone product stream is alleviated bycontacting the organic extract with an aqueous salt solution under con-ditions which discourage the return transfer of the U and Pu to the aqueousphase while removing some of the fission products from the hexone solution.The operation is referred to as scrubbing, and the transfer contacts are re-ferred to as scrub stages. Following the scrubbing of-the extract phaserecovery of the hoxone as well as the uranium and plutonium involves thetransfer of the latter two components back to separate aqueous solutions.The plutonium is extracted by an aqueous reducing solution which removesthe Pu as indicated in 1.27 but leaves the U to be stripped separately fromthe hexone solvent.

The mechanical methods of contacting and separating phases in solvent-extraction are described in detail in Chapter V. Since the rate of trans-fer of solute between phases is limited by the area of contact of the twoPhases, solvent-extrsction equipment is designed to provide a large contactarea. However, efficient operation requires rapid separation of phases aswell as rapid transfer of solute, and is therefore dependent upon a com-promise between fine dispersion to give maximum contact surface between
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phases and coarse dispersion to give maximum rate of phase separation. Far
satisfactory operation the disengagement of a pair of contacted phases
should normally be complete in less then a minute as indicated by batch
contact results. Date on disengaging times may be found in Subsection B9
of this chapter, and the laboratory method of determining disengaging
times is described in Chapter X1. The phase disengaging time is influenc-
ed by the pH of the aqueous phase; ENO is sometimes added to Redox solu-
tions to lower the pH and hence faciltte phase disengagement.

1.4 Determination of phase-equilibrium date

1.41 Methods

A number of methods are available for the laboratory determination
of the mass transfer equilibrium data which are necessary for the evalua-
tion of the performance of solvent-extraction equipment. The mass trans-
for occurring in continuous countercurrent extraction equipment may be
simulated in the laboratory by the use of sepcretory funnels for perfect
extraction stages. Thus twelve extraction stages may be simulated by
twelve vessels in which the phases are contacted by shaking or by a
mechanical agitator. When phase equilibrium has been reached within each
stage, the phases are allowed to settle end then transferred counter-
currently from one vessel to the next. By the addition of aqueous feed
and removal of organic extrct at one end of the series of stages, as well
a@ the addition of hexone extractant end removal of aqueous waste at the
other end of the battery, operation of the system may be continued until
a steady state has been reached. At that point the composition of a given
phase at a given stage does not vary appreciably with additional contact-
ing and transfer of phases. When such a steady state has been realized,
the solute distribution characteristics of the particular extraction
system under study may be determined by analysis of all the phases through-
out the series of ves1gis. The method is referred to in the Chemical
Engineers' Handbook and is described in detail in HW-14984.(173) Use
of the method in shielded operations is described in KAPL-P-243. Uranium
and nitric acid equilibrium data have beet determined by this method and

repor edor the ANL June, 1948 Flowsheet15V), the ORNL June, 1949 Flow-

sheet M7 , and the RW No. 4 Flowsheet.(173) The data are presented in

Section C of this chapter.

Procurement of date by the above method is slow and requires a large
amount of manual operation of the equipment. Much faster and simpler is

the use of continuous mixer-settler contacting equipment such as that de-

veloped at the Krolls Atomic Power Laboratory(100,108,122) (see Chapter V).
Such equipment is operated continuously by mechanical means until a steady
state is reached. It is thcn possible to sample and analyze both phases

in tech stage. Such stagewise samples cannot be conveniently taken from

a continuous column contactor.

1.42 Correlation of dato

Correlation of the data obtained by phase analyses may be accomplish-
ed for a multiple-stage countercurrent system by plotting the solute con-

centration (uranium, plutonium, or nitric acid) in the hexone phase against

the concentration in the aqueous phase for each stage, then joining the
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points by a smooth curve. If the concentrations are expressed in terms
of phase volumes (see Figure IV-48 for plutonium), then the slope of
a straight line from the origin through any point on the ourve represents
the distribution ratio at that point. When the phase volumes do not re-
main constant during mass transfer (cf. uranium and nitric acid), equilib-
rium data are correlated by plotting concentrations in terms of the weight
of the solute-free phase. This type of plot produces on equilibrium line
such as that shown in Figure IV-36. For uranium the concentration is ex-
pressed in terms of the trihydrate (abbreviated UNT), because expressing
the concentration in both phases in terms of the trihydrate results in a
more nearly straight operating line than calculations in terms of thehexahydrate. For data on the state of hydration of uranyl nitrate in
hexone see Subsection B3, and for detailed discussion of operating dia-
grams see Chapter V.

1.5 Solvent-extraction effectiveness

1.51 Physical factors

The physical factors influencing the effectiveness of a solvent ex-traction process are introduced only briefly here; they are discussed ingreater detail in Chapter V in connection with Redox contactor operation.
They are noted here to indicate their effect on the choice of chemical
flowsheet conditions for the Redox process. The factors include tempera-
ture, interfacial tension, viscosity, density, and the ratio of the twophases contacted.

Raising the temperature at which phase equilibration is effected
alters distribution ratios and increases the transfer rate by increasing
the rate of thermal diffusion, decreasing interfacial tension, and de-creasing viscosity. Lowered interfacial tension favors greater dispersionand therefore larger contact area, which results in undesirable emulsifi-cation in the extreme case. For data on the interfacial tension of Redoxsolutions see Subsection B9. It is to be noted that the concentration ofa dissolved solute or the accumulation of insoluble foreign matter at aninterface may reduce interfacial tension to the point of emulsification.
Decreased viscosity of either phase of a two-phase system favors smallerdroplet size of the dispersed phase. Diffusion rote and turbulence arealso greater in a phase of lower viscosity. The greater the densitydifference between the phases, generally the less is the tendency foremulsification. Then for an aqueous-solvent system, the preference in thechoice of a solvent will favor low interfacial tension, low viscosity, andlow density. The use of contacting temperatures other than ambient hasnot shown sufficient advantage in the Redox process to be worth the addedequipment complications.

Solvent-extraction efficiency is also influenced by the phase ratio,commonly referred to as the L/V ratio where L represents the weight orvolume of aqueous phase per unit time and V represents the same for theorganic phase. Weights of the solute - free phases are used when themass transfer produces an appreciable change in phase volume (as in thecase of uranium transfer); volume units are simpler to use when the phasevolumes are largely unaffected by phase equilibration as is the case for
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the plutonium-cycle columns. The L/V rotio expresses the slope of the
operating line for c =as transfer process. For on extraction operation
an increase in the operating line slope (raising the aqueous to organic
phase ratio) increases the number of transfer stages required to effect a
given separation as may be seen by reference to Figure IV-1. For a strip-
ping operation the reverse is true. If it is assumed that, other factors
being equal, the height of a perfect extraction stage remains constant,
then increasing the number of stages necessitates increasing the height cc
the extraction section of a column contactor. Consequently, the choice of
phase flow ratios for the Pedox flowsheet depends partly, at least, upon a
compromise between economical equipnent requirements and economical solvent
consumption. For a more detailed discussion of the derivation and use of
operating diagrams, see Chapter V.

1.52 Measures of extraction performance

Several methods are available for calculating the effectiveness of
a given separation process. The number of stages or transfer units re-
quired and the extraction factor are all measures of the difficulty of
performing a given extraction. Calculation and use of these values are
discussed in detail in Chapter V. The separation factor is a less common-
ly used quantity of value for comparing the effects of variables on the
separation which can be achieved between two solutes in a particular mass
transfer operation. It is expressed as the ratio of the distribution
coefficients of two solutes being separated (see Figure IV-51 for the
separation of uranium from fission products), and it is thus analogous to
relative volatility as a measure of the ease of separation of components
in distillation. The separation factor is also related to the decontam-
ination factor (as shown in Figure IV-59) which is a measure of the effeo-
tiveness of the separation of a process component from fission-product
contaminants and is calculated from laboratory date by dividing the
measured counts per minute of a given weight of a component before and
after processing. The decontamination factor is discussed in detail in
Chapter I.

6 Chemical bases of the Redor process flowsheets

1.61 The Redox process system

The nitrate system was chosen because of the ease of dissolution of

the slugs by nitric acid, the ready extractability of uranium and plu-
tonium nitrates, and the less corrosive nature of the nitrate system as
compared with a chloride system for example. Aluminum nitrate and ammoni-
um nitrate both have advantages as Redo salting agents according to the
requirements indicated under 1.24. The choice of aluminum nitrate over
ammonium nitrate was largely based on the much greater stability of the
former salt.

The selection of hexone as the solvent for the process was based

largely on its availability, recoverability, and the fact that its selective

solvent action met the decontamination requirements, as well as its general

conformance with the other specifications indicated under 1.22. By way
of example, the following table compares the density end viscosity of hexone
with four other proposed solvents (see Sub-Subsection 1.51 and Chapter V
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for the effect of these properties on process operation)

Specific Viscosity,
Gravity, 20/200C. Cua. g 0

Ether 0.7146 0.25Dibutyl carbitol 0.8853 2.39Dibutyl cellosolve 0.8374 1.34Triglycol dichloride 1.1974 4.93Hexone 0.8042 0.59

Many other solvents have been tested experimentally, some of which showpromise but are not readily available.

The steps in the Redox solvent-extraction system are described indetail in Chapter I including identification of each of the contactorsand the entering and effluent streams of each. In simplified terms theprocess involves the following series of operations. In the IA Columnthe aqueous feed solution is contacted with hexone to extract the uraniumand plutonium from the bulk of the fission products; the hexone solutionof U and Pu is then contacted with an aqueous aluminum nitrate solutionto scrub out some of the fission-product contamination carried along withthe uranium and plutonium. The hexone solution is next stripped of plutoni-um by contacting with a salted aqueous reducing solution in the IB Column;the plutonium is thereby reduced to the hexone-insoluble Pu(III) state,while the uranium remains in the organic solution. The aqueous Pu solutionis scrubbed with additional hexone to remove any uranium which may havebeen carried into the aqueous phase with the plutonium. Finally the urani-um is stripped back into water solution in the IC Column. The above out-lined steps comprise the first Solvent-Extraction Cycle which accomplishesthe separation of the uranium, plutonium, and fission products into threeseparate aqueous streams. Additional extraction, scrubbing, and strippingcycles are then carried out on the separate aqueous uranium and plutoniumstreams in order to effect further removal of contaminants from thosestreams. Subsections A2 through A12 discuss in detail the process chemistryof each column and related operations.

1.62 Acid and acid-deficient operation

It has been pointed out under 1.26, above, that free nitric acid hasa salting action in the aqueous phase. The effect on the distribution ofuranium into hexone is illustrated in Figure IV-31. However, raising theaqueous acid concentration increases the distribution of fission productsinto herone at a greater rate then for uranium as is illustrated by theplot of the uranium-fission product separation factor illustrated inFigure TV-51. This relationship was the basis for the development of theacid-deficient Redox flowsheet to produce greater decontamination fromfission products.

The Argonne National Laboratory (ANL) Redox flowsheets are acid flow.sheets in which excess nitric acid is present in all streams (see TableIV-2 end Chapter I). The Oak Ridge National Laboratory (OSRL) Redox flow-sheets ore acid-deficient in the sense that neutral hexone is used for theorganic extractant, and the aqueous streams in the uranium extraction
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cycles contain less than the stoichiomc;tric amount of nitric ion reduired
to balance the uranyl and cluminum ions after deducting sodium nitrate.
Due to hydrolysis of the uranyl and aluminum nitrate salts, however, such
a system still shows an acid pH. The Hanford Works (HW) Redox flowsheets
are a hybrid combination of the ANL and OHNL flowsheets to utilize the
advantages of both. In other words, the concentrated or product end of
the uranium extractor is operated under acid-deficient conditions in order
to achieve the highest possible decontamination of the product stream. On

the other hand, the dilute or waste end is operated in the presence of ex-

cess nitric acid in order to utilize a higher distribution ratio for the
attainment of lower waste losses (see Figure IV-33). This is achieved by

addition of acid to the o anic extractant stream, end is successful be-

cause it has been shown 13 that fission products transferred to the

hexone under acid conditions are largely stripped bock to the aqueous phase
under acid-deficient scrub conditions, with the possible exception of
ruthenium.C139)

1.63 Redox flovsheets

After establishment of the general Radox process pattern including
the extractant and salting -gent to be used, development of an optimum
flowsheet requires correlation of the chemical variables discussed in Sub-
section 1.2 with the physical factors noted under 1.51. Of particular im-
portance are the concentrations, ecidities, phase flow ratios, and the
oxidizing, reducing, and holding agents used. An optimum flowsheet should

give the desired yield and purity of products with the minimum feasible

volume of waste. The product specifications end the Redox process flow-

sheets designed to meet those specifications are discussed in Chapter I.

For purposes of comparison, Table IV-2 summarizes the first-cycle chemical
compositions for an acid, acid-deficient, and hybrid flowsheet. The
chemical flowsheet variations are discussed in detail for each column in
the following sections.

9. IA Column

2.1 General principles

The primary function of the IA Column is to separate uranium and
plutonium from other transuranium elements and from fission products form-
ed in the pile-irradiated metal. For transfer from the aqueous feed stream

to the hexone extractant under acid-deficient conditions, the U and Pu must

be in the (VI) valence state. In the operation of the Dissolver with ex-

cess uranium metal present rt all times, the uranium is largely oxidized

to the (VI) state by the nitric ncid, while the Pu, being more difficulty
oxidized, remains largely in the (IV) state. Therefore, feed preparation

requires an oxidation step, as a result of which, excess oxidizing agent
remains in the column feed. A small concentration is also added to the
scrub solution to serve as a holding oxidant. Americium and curi cannot

be'oxidized above the (III) state in an aqueous acid medium,(ll, 4) and

therefore do not transfer appreciably to the organic phase, but instead are

;removed in the aqueous waste stream. Neptunium is fairly readily oxidized,
and as a result, appears both in the product stream and in the waste stream,
its distribution between these streams being dependent on the column opera-
ting- conditions. The fission-product elements are more difficult to oxidize
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than U and Pu as a general rule, and consequently are more than 99 percent removed in the IA Column raffinote.

The course of the IA Column streams is described in Chapter I. Forflowsheet compositions of the entering and effluent streams see Table IV-2.The IAF:IAS:IAX flow ratio is 1:1:4, giving an aqueous-to-orgonic volumeratio of 1:2 in the extraction section and 1:41 in the scrub section.

2.2 Physical properties of the IA system

Since the transfer of uranium from the aqueous to the organic phaseis exothermic, the temperature in the IA extraction system rises above roomtemperature. The highest temperature appears just below the feed pointwhere the greatest mass transfer occurs, and there is a definite tempera-ture gradient over the length of the column extraction section. Sincethere is little actual mass transfer in the scrub section, the only tempera-ture effect in that section is the equilibration of the cool IAS streamwith the warm hexone extract. For data on heats of extraction, see Sub-section B10.

A large density gradient exists in both phases in the IA extractionsection, whereas the scrub section shows little change. Table IV-25 showthe stagewise change in aqueous density as determined by laboratory counter-current batch equilibrations for three typical flowsheets.

2.3 Chemical properties of the IA system

Higher valence states of the elements are generally more extractableby hexone than lower states (the V state being on exception). Uraniumvalence states below (VI) do not normally appear in the Redox system, andthe plutonium (VI) state is at least as ractabl as uranium (VI) underboth acid and acid-deficient conditions. ,123, 19) Moreover, theinterfacial transfer mechanism of uranyl end plutonyl nitrates is probablythe same, and due to the similarity of the two compounds it is expectedthat such properties as the rate of diffusion are of the same order ofmagnitude although experimental verification has not yet been obtained.With these assumptions it is believed that the transfer-unit heights of thetwo components should be comparable, and the Pu losses should ordinarilybe within specifications if the uranium losses are within the tolerancelimits (provided the Pu is fully oxidized). Sodium dichromate is contc~n-ed in both the feed and scrub streams in order to assure the retention ofthe Pu in the (VI) state. Actually Pu (IV) is also extractable but to alesser degree than Pu (VI), and furthermore it tends to be unstable in anacid-deficient system with the formation of the Pu(IV) polymer (seeSection (). Pu (V) is inextractcble, but is readily oxidized to the (vi)state, indicating the need for a holding oxidant and for the absence ofreducing impurities in the hexone extractant.

As indicated by the following table for batch extractions under bothacid and acid-deficient conditions, americium is essentially inextractablein the E.edox EA system:ClE)
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DIstribution of Americium

Stream Compositions
IAF IASI

Americium

EOO

(a) 2.0 4 U02(NO3)2 1. 1 Al(NO3 )3

0.3 HN03

(b) 2.0 U T02(N03)2

-0.2 M 9N03

0.1 2 Cr207

0.5 M 3NO3

o=oo4 m NO3

1.95 M Al(NO3)3

-0.13 M EN03

0.01 M Cr2 7

)
)
)

Neutral )
)

*)The presence of 0.2 per cent methyl isobutyl carbinol in the

haxone did not rsterially alter the distribution under acid-

deficient conditions. While specific numbers are not avil-

able, curium is also believed to be as highly distributed into

the aqueous phase in the IA system.

The oxidation-reduction potentials are such that the oxidation of

plutonium to the (IV) state will also oxidize neptunium to the (VI) state

in an acid medium7?) However, the neptunium (VI) state is unstable

under acid-deficient conditions (above pO ) and is reduced to Np (V).
Neptunium (VI) is slightly extractableA 3) Yhile in the CV) state

neptunium is essentially inextrcctable.(3 9 ,132 Distribution ratios for

oxidized neptunium have been reported as follows:(39)

Distribution of Neptunium

Composition

Aqueous

Ce) 1.0 M Uo2(NO3)2

0.15 M HN03

0.7 M A1(NO3)
3

(b) 1.0 jM U02(NO3)2
-0.2 M HNO3

1.0 M Al(NO3)3

Neptunium

Organic a

0.5 L' 1N03

Neutral

1i.4

0.02
to 0.03
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0.0017

0.0029

0.0030

0.0032
0.0024
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The smaller distribution ratic observed under the acid-deficient conditions
is very likely due to partial reduction of the Np to the (V) state as wellas to the effect of the acidity of the distribution of Np (VI). In theRedox IA system, neptunium will then follow both the IAP and IAW streams,and the portion following the product stream will be much sraller underacid-deficient than under acid conditions.

The use of a salting agent in the aqueous stream is necessary inorder to obtain a satisfactory distribution of uranium and plutonium intothe extractant. Of the many agents investigated(128), ammonium nitrateand elumn I nitrate have proved most satisfactory with hexone as thesolven. 9 1  Ammonium nitrate has yielded results indicating better de-contamination, and because of its volatile cation it would probably beadvantageous in disposing of the waste. However, aluminum nitrate has beenfound to be a satisfactory substitute which does not have the disadvantageof the instability of the amimonium salt.

The largest share of the decontamination in the Redox process isachieved in the IA Column, and is markedly influenced by the nitric acidconcentration in the system. Acid-deficiency has the advantage of improveddecontamination over a straight acid flowsheet for the IA Column. Thisapplies to neptunium as well as fission products since in an aci4-deficientsystem, the Np (VI) tends to be reduced to the agueous-soluble (V) valencestate. However, the reduced acidity also lowers the distributiorl of Puand U into the organic phase. Compensation for this latter effect isachieved by increasins the salting strength, by operating the dilute endof the column under acid conditions in order to take advantage of higherdistribution ratios (cf. the hybrid HW flowsheets), or by reducig theL/V ratio. As nay be seen by reference to Table IV-2, the ORNL acid-deficient flowsheet. and the HW hybrid flovsheet both show higher saltingstrength than the ANL acid flowsheet. The nitric acid relationships inthe hybrid IA system are reviewed in HW-14984(173) and in KAPL-316.(119)

Sodium dichromote has been found to be the most satisfactory holdingoxidant for use in the IA Column. However, the following table indicatestht the plutonium entering the column at a valence state lover than (VI)will not be appreciably oxidized in the column:(ll8)

Rate of Oxidation of Pu (IV) to Pu (VI)

Temperature, Time Required to Oxidize
00. Ralf of the Pu (IV)

25 No appreciable oxidation
after 24 hours.

45 44 minutes

85 1 minute

Aqueous phase: 2.0 M U0 2 (N0 )2, -0.25 M HNO3
0.1 M Cr2o7=, 4.6 x io-4 1 Pu.
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For a detailed discussion of herzne impurities and their influence cn

theoprocess, see Subsection Bl. Deleterious impurities are largely removed

from the organic streams by the hexone pretreatment operations. However,
it may be noted here thct Lipurities of a reducing nature, such as mesityl
oxide 99), tend to convert plutonium to a less extractable lover valence

state in the IA Column. Methyl isobutyl carbinol, present in raw hexone

as an impurity of manufacture, complexes fission products into the hexone

phase and therefore (particularly at acid flovsheet conditions) reduced de-

contamination if allowed to enter the IA system.

As may be seen by reference to Section C, en increase in the tempera-
ture of the two-phase system results in a lowering of the distribution of

uranium and plutonium into hexone. The uranium transfer is exothermic and

results in an appreciable temperature rise just below the feed point where

the greatest transfer occurs. Under acid flowsheet conditions, however,
no advantage is to be gained by lowering operating temperatures below

normal room temperature in order to increase the uranium distribution into

the organic phase, since the Cccontarination factor decreases by a factor

of two when the temperature is lowered from 60 0 to 15 0 C. The principal

effect of decreasing the temperature is to reduce slightly the number of

stages required to attain a pre-determined waste loss limit.

Increasing the ratio of the aqueous phase to the hexone phase (L/V

ratio, see Subsection 1.51 and Figure IV-i) produces several separate but

related effects in the IA Column. If the L/V ratio is increased in the

scrub section by raising the IAS flow rate, the reflux of all reversibly

extractable components in the hexone stream is increased; the U and Pu

concentrations in the IAP stream are thereby luwered. If the L/V ratio

in the extraction section is rnised by increasing the IAF flow rate or

lowering the IAX flow rate, the product concentration in the IAP stream

is raised. In addition, the higher ratio necessitetes more stages in the

extraction section in order to reduce the product concentration in the

aqueous waste below the maximum permissible. On the other hand, decon-

tamination is improved as may be seen by reference to curves D and B in

Figure IV-59. The latter effect may be considered as due to the higher

uranium concentration in the hexone phase back-salting fission products

into the aqueous phase. Variation of the L/V ratio has an additional

important effect on column operation when a hybrid flowsheet is being

used. In this case the entering aqueous streams are acid deficient while

the TAX hexone stream contains nitric acid. Then the balance between

free acid and acid-deficiency in the equilibrating system is just as de-

pendent on the relative flow rates of the two phases as it is on the phase

compositions. For example, either increasing the nitric acid concentra-

tion in the IAX, or reducing the L/V ratio by raising the IAX flow rate,

will carry more nitric acid into the IA extraction section. Consequently

the column would be operating with more acid extraction stages and fewer

acid-deficient stages. The effect is to reduce both the waste losses

sustained and the decontamination achieved. Hybrid flowsheet operation

is thus'ensitive to flow rate control.

2.4 Waste losses

The IA Column waste losses of uranium and plutonium are affected

by the state of oxidation of each component, the acidity of the system,

salting strength, and t/V'ratio. In addition, the component concentratii
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in the feed strean May have an effect in unusual circumstances.

Uranium occurs in the Redox system only in the readily extractable(VI) valence state, and therefore presents no difficulty as far as oxida-tion state is concerned. However, plutonium can appear in lower oxidationstates, and any appreciable proportion of Pu occurring below the (VI)valence state in the IA system is reflected in Pu losses in the IAW stream.

The acid balance in the column influences waste losses by the effectof excess nitric acid on U and Pu distribution ratios. Free nitric acidin the aqueous phase salts uranium and plutonium into hexone. In an acid-deficient flowsheet this factor shows little variability, while in an acidflowsheet the effect is largely dependent upon the acid concentrations ofthe feed streams. In a hybrid flowsheet on the other hand, the amount offree acid in the system is sensitive to relative flow rates as well ascoqipositions (see the previous Subsection 2.3). If the L/V ratio is de-creestd by increasing the IAX flow rate with HW No. 4 Flowsheet composi-tions 193 , the increased amount of nitric acid in the system increasesthe U and Pu distribution ratios (ER); furthermore the slope of theoperating line is reduced, thereby reducing the number of effective stagesrequired to achieve a given recovery of uranium and plutonium.

Since the distribution of U and Pu into the organic phase increaseswith the salting agent concentration, any reduction in salting strengthincreases the number of extraction stages required to hold the wastelosses below a specified maximum. This may be seen by reference to FiguresIV-l and IV-37, where it is apparent that lower salting strength gives alower equilibrium line which in turn necessitates more stages to reach thegiven loss, ,w. Such a reduction in salting strength may occur not onlyby virtue of lowering aluminum nitrate concentration in the IAS stream, talso by decreasing the IAS flow rate relative to the IAF thereby produciggreater dilution of the IAS salt stream by the unsalted IAF. Whether ornot such a reduction in salting strength results in higher-than-flowsheetwaste losses depends upon the spare extraction capacity built into thecontactor. Thus if the stage height for a given system is 2 feet and theextraction section ie 30 feet long, then increasing the number of stagesrequired from 12 to 14 does not result in excessive losses since 15 stagesare available.

Similarly, only if the extraction capacity of the system were beingfully utilized would en increase in feed uranium concentration be reflectedin increased U losses. It may be seen from Figure IV-1 that increasingthe IAF uranium concentration places the starting point (Xf) of the ex-traction operation higher on the operating line, and more extraction staisare required to reach the waste loss goal. However, it is to be notedthat fluctuations in the tAP uranium concentration are reduced in theireffect on the point kf by the dilution from the IAS stream. No seriouseffect, therefore, is generally produced on waste losses by small fluctua-tions of feed uranium concentration.

It should be noted that the determination of plutonium losses in thelAW stream by total alpha count requires a correction for americium andcurium content. The latter elements are removed from the Bedox system atthis point. Their concentrations will very with the pile power level and

DECLASSIFIED



422 OECLAS8I ,f
exposure time, and must be accounted for by separate analysis.

2.5 Decontemination

The presence of excess nitric acid throughout the IA Column decreases

the IA decontamination obtained and, conversely, the decontamination is

improved by acid-deficient operation. In the case of hybrid flowsheet

operation of the IA Column, acid extraction conditions at the bottom of the

column cause distribution of some of the fission products into the hexone

stream which is then prtielly deconteminated by the acid-deficient scrub

section at the top. However, in this case, decontamination is somewhat

less satisfactory than with totally ocid-deficient operation since some

fission products, particulerly certain forms of ruthenium, are irreversibly
extracted (see Subsection C4).

Methyl isobutyl carbinol, which is an impurity produced in the manu-

facture of hexone, tends to reduce decontamination by complexing cerium,

niobium, and zirconium in the organic ptnse, under acid flowsheet conditions,

though possibly not under acid-deficiont conditions.(13
8) However, the

MIBC is readily removed fron the hexone by oxidation pretreatment (see

Chapter Ii).

Within the range of process concentrtions (i.e., about 2 M aqueous

aluminum nitrate or below), increasing eluminum nitrate concentration 
in-

creases the separation factor slightly.(137) This may be seen by reference

to Figure IV-51 which indicates that the uranium distribution ratio (20) in-

creases with ANN concentration at a slightly greater rate than 
for fission

products. This relationship holds for both ecid and acid-deficient opera-

tion. The deconteminwtion factor, however, under acid flowsheet conditions

(0.2 M HNO in IAFS), increases with an increase of Al(NO3) up to ca. 11M

in the equious phase and then decreases with additional A'('O 3)3. Under

acid-deficient flowsheet conditions (-0.2 M ENO3 in IAFS) the decontamina-

tion factor increases with an increase of Al(N03 )3 up to co. 1.4 
M in the

aeqeous phase before beginning to decline.

Uranium concentration has some influence on decontamination through

the apperent effect of back-salting fission products from the hexone to

the aqueous phase. This has been demonstrated particularly for cerium

under acid extraction conditions.(lll) A change in operation which in-

creases the uranium concentration in the IAP stream (e.g., a decrease in

the IAX relative flow rate) will then tend to improve the decontamination
effected in the column scrub section.

For detailed date on fission-product distribution see Subsection 04.

Decontamination results obtained in column operation are presented in

Chapter V.

3. IB Column

3.1 General principles

The purpose of the IB Column is the separotion of uraniuin from

plutonium. This is accomplished by stripping the plutonium into an
aqueous stream while retaining very nearly all the uranium in the organic
stream received from the IA Column operation. The IB Column arrangement
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is similar to that of the IA in having an intermediate feed point, but isinverted in the sense that the extraction section (Pu stripping) is locatedin the upper portion of the column, while the aqueous plutonium stream isscrubbed in the lower portion of the column. The course of the IB Columnstreams is described in Chapter I. For the flowsheet compositions of thecolumn streams see Table IV-2. With a IBF:IBS:IBX flow ratio of 420:200:40.a 10-fold concentration of the plutonium is effected in tMs column.

The plutonium is stripped from the organic phase, in spite of highaqueous salting strength, by reduction to the organic-insoluble Pu(III)valence state. The reducing agent is introduced in the IBX stream. Atthe same time the uranium is retained in the organic phase by virtue ofthe aluminum nitrate salting agent which is also present in the IBS stream.Neptunium is reduced to Np(IV) and is divided between the twoteffluentstreams in a proportion which is very sensitive to the acidity in thecolumn; high aqueous acidity favors distribution into the hexone. Fissionproducts such as ruthenium are at least partly reduced to more aqueous-soluble forms, and are consequently divided between the uranium and plutcni-um streams.

3.2 Physical properties of the IB system

Since only a small amount of plutonium and uranium are transferred Inthe IB Column, there is little change in the density of the column streamsas may be seen by reference to Table IV-2. However, a large loss ofuranium in the IBP stream has the effect of slightly increasing the aqueousdensity. Flowsheet specifications permit a maximum concentration of0.0006 grams of Uo2 (NO )2 -6H20 per liter in the IBP stream; this concen-tration would have to e increased 400-fold to produce an aqueous densityincrease of 0.0001 g./ml. Furthermore, the mass transfer is so small thatno temperature gradient due to heat of extraction is observed in thecolumn. Control of emulsification is effected by the slight excess ofacid entering the top of the column in the IBX stream.

3.3 Chemical roperties of the IB system

The sour ;ormal valence states of plutonium are represented by theions Pu' , Pu* Pu02 +, and PuG +2 The (III) and (17) valence states,2 axx 2xvand the (V) and (VI) states, respectively represent reversible couples inwhich oxidation or reduction involves only the transfer of an electron.Transformation between one of the two higher and one of the two lowerstates involves the making or breaking of oxygen bonds and consequentlytends to be a slower reaction. However, ferrous ion has been found toeffect plutonium reduction sufficiently rapidly that the reaction may becompleted during the normal residence time in the plutonium extractionsection of the IB Column.(49,86)

The oxidation-reduction potentials of the principal heavy elementsentering the IB Column are given in the following table:
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Couple Potential, Volts

Element (111)-dY) (if)-C

U +0.63 -0.33
Np -o.14 -o.94
Pu -0.96 -1.0

According to the sign convention used in this table, higher algebraic

value of a couple potential indicates stronger reducing power of the

reduced form of the couple. Expressed in the form of an oxidation-re-

duction equation, such as:

U+3 , U+ 4 + e- (xe y+ o.63 volts),

the hi gfr algebraic potential of this couple indicates a greater tendency
for U+ to give up qn electron and assume an algebraically higher ionic

charge than the rest of the couples in the table. Then since the Fe(II)-

Fe(III) couple has a potential of -0.77 volts, it may be seen that ferrous

ion can reduce Np(VI) to Np(IV), that it can reduce both Pu(IV) and (VI)
to Pu(III), and that it cannot affect uranium which will remain in the

organic-soluble (VI) state. Since Pu(I) is not salted into the organic

phase, essentially all the plutonium is then transferred to the aqueous

phase. The yield of plutonium and the decontamination of uranium with

respect to plutonium therefore depend on the completeness of the Pu re-

duction, and on the rate of the reduction. The time required for reduc-

tion under IB Column conditions has been found to be less than a minute.

It has been found that there is a tendency for the plutonium to be

reduce n e helene stream prior to contact with the IB Column reducing

agent.?26n3v) In the IA Column, reduction of Pu to the aqueous-soluble (V)

state is prevented by the presence of dichromote, but partial reduction

to the (IV) state may occur in the hexone after the IAP stream leaves the

IA Column. However, this reduction does not take place in the absence of

reducing impurities in the hexone.(8
6)

The ratio of hexone-insoluble Pu(III) to hexone-soluble Pu(IV) in 
the

aqueous phase is dependent upon the ratio of ferrous to ferric ion, and

may be expressed by the following equation:

Fu( III) KFae(1I)

where K is a proportionality constant.(
86 ) Then in a hexone-Oqueous

system if it is assumed there is no Pu(III) in the organic phase, the

plutonium distribution may be expressed by the following relationship:

40 Pu(IV)or
Pu(III)Aq. + N Iv) Aq.

where the Pu symbols indicate the concentrations of the respective plutonium

valence states in the organic and aqueous phases. Substituting for Pu(In)
in the above equation we arrive at the relationship
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= EO for Pu(IV)
a + K le(II)/Fe(III)

The constant, K, and the distribution ratio of Pu(IV) are fixed by theacidity and the salting strength of the system. Their values at variousaluminum nitrate concentrations in 0. M O in the aqueous phase aresummarized in the following table:(1 n

Aluminum Pu(IV)
Nitrate, E K

0.5 0.30 1800
0.9 1.0 500
1.3 8.4 360
1.5 go 320
2.0 250

Then for a given system the effect of the ferrous-ferric ion ratio onplutonium distribution may be cnlculnted, and the results have been demon-strated experinentally.(So) Furthermore, if the Pu distribution ratio iscalculated for a given ferrous-ferric ratio and it is assumed that theplutonium distribution remains constant at all process concentrations ofPu in the given system, then the plutonium equilibrium line for the systemcan be calculated from the distribution ratio end a given operating line(see Chapter V). It is also possible to calculate that a ferrous-ferric
ratio of greater than one is required to reduce the plutonium losses inthe IBU stream below 0.2 per cent for five extraction stages.

Ferrous iron is the most satisfactory IB system reducing agent whichhas been found. However, ferrous ion is thernodynomically unstable in tirIB system and would normally be rapidly oxidized by atmospheric oxygen incontact with the IBX stream, or by nitric acid. Stabilization of theferrous ion, however, is achieved by the addition of a holding reductant.Those reductants which are particularly effective in this role are capableof rapidly destroying any nitrous acid that may be present or which may beformed in the system. Many holding reductonts have been tried with vary-ing degrees of success. Among these are hydrazine, hydroxylamine, urea,and sulfamic acid, all of which contain an -NH 2 group capable of reactingwith nitrous acid. Of these, hydroxylamine and urea do not react in thepresence of hexone, hydrazine is toxic and tends to form a hexone-solubleketazine complex with plutonium, while sulfamic acid is a readily obtainedand easily handled solid which reacts satisfactorily. n3 II), 'a wonas Fe(II), is autocatalytically oxidized by nitrate ion. U- The oxidationapparently involves nitfou acid, the destruction of which, prevents theautocatalytic reaction. IO)jHowever, the nitrate oxidation of Pu III)at room temperature is slow in the absence of a. holding reductant. 76)The stabilizing sulfamate radical may be introduced into the system eitheras the ferrous sulfamate salt or as free sulfcamic acid.

Sulfate ion may appear in the IB system either through the use offerrous ammonium sulfate as the reducing agent, or as the result of hydrol-ysis of the sulfamate radical from ferrous sulfanete or sulfomic acid.
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However, the rate of sulfenate yd lysis is slow at room temperature and
at low free acid concentration. 0  The presence of sulfate in the system
is a potential source of contamination of the IBP stream due to its forma-
tion of the aqueous-soluble uranium sulfate complex. However, it has been
found that the effect is slight for sulfate concentrations below about
0.01 , and that the effect is inhibited by excess acid, by aluminum nitrate,
and by jhe presence if iron which appears to complex the sulfate preferen-
tially 57)

The acid content of the IB system is largely dependent on IA Column
operation, since most of the nitric acid that enters the IB Column is con-
tained in the IAP stream. However, a slight amount of nitric acid is added
to the IBS hexone stream, and a slight excess of acid is generally used in
preparing the ferrous reducing agent in order to prevent the precipitatiam
of ferric hydroxide. This latter acid is consequently added to the IBX
solution. Excess acid is desirable at the top of the column to accelerate
phase disengagement. In addition, the IBP stream is potentially unstable
under acid-deficient conditions because of the tendency for plutonium to
precipitate as the oxalate in the presence of methyl isopropyl diketone

imp t in This is prevented by the addition 
of acid to the

Raising the IBK flow rate to increase the L/V (aqueous-organic) ratio
in the IB Column has the effect of reducing the concentration of the pluto-

nium in the aqueous effluent, and of decreasing the decontamination of the
Pu with respect to uranium. The relative flow rates must be a compromise
between complete removal of the plutonium from the organit phase on the
one hand, and concentration of the Pu without excessive carrying of uranium
on the other. Decreasing the L/V ratio by increasing the feed rate in-
creases the aqueous Pu concentration, but also increases the tendency for
loss of Pu through incomplete reduction. Increasing the IBS rate only
serves to lower the uranium concentration in the IBU, and since fission
products are of secondary importance in this column, the scrub rate need

only be sufficient to insure removal of U from the aqueous Pu stream.

Since uranium and plutonium distribution ratios vary with temperature
at about the same rate, and since the rate of plutonium reduction is
adequate at room temperature, there appears to be no advantage to be

gained by operating the IB Column at other than room temperature.

The principal difficulty to be encountered from hexone impurities
in the IB system is the adverse effect of oxidizing impurities. Mesityl
oxide oxidized ferrous ion, and if present in appreciable quantities it

could thereby upset the plutonium distribution. It should be effectively
removed by solvent treatment (see Chapter IX).

3.4 U and Pu recovery and decontamination

Uranium recovery is dependent upon sufficient salting strength
in the aqueous phase, and on the number of scrub stages available. The

number of scrub stages required is influenced by the L/V ratio. A large
increase in the relative flow rate of the IBX stream with respect to the
IB stream increases the per cent of uranium in the IBP stream, and in-

creases the number of stages required in the scrub section to effect 100
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per cent reflux of the uranium bock up the column. On the assumption
that the distribution ratio is constant, with other factors equal, an
increase in uranium concentration in the IBF stream increases the amount
of uranium transferred to the aqueous phase. This potential loss is
effectively offset by a slight increase in the IBS flow rate.

Plutonium losses in the IBU stream are not greatly affected by
salting strength or acidity. The most important factor is efficient
reduction through the maintenance of high ferrous to ferric ratio in the
IBX stream and the presence of an adequate holding reductant to maintain
this ratio during the column contact period. Decreasing the L/V ratio
in the plutonium extraction (upper) portion of the IB Column has the
effect of decreasing the opportunity for complete reduction of the Pu, as
well as increasing the number of stages required for the transfer of the
Pu to the aqueous phase.

Decontamination is of only secondary importance in the IB Column,
and the fission products are cbout equally divided between the IBU and
IBP streams. Neptunium largely follows the uranium under high acid con-
ditions in the IB Colunnn, but tends to be divided between the IBP and
IBU streams as operating acidity is reduced.

4. IC Column

4.1 General principles

The purpose of the IC Column is to return the uranium to an aqueous
solution largely free of plutonium and fission products. The stripping
is accomplished by a simple extraction operation. For three typical flow-
sheet compositions of the IC Column streams see Table IV-2. With an
aqueous-to-organic flow rate ratio of about 0.3, approximately a 3-fold
concentration of the uranium is effected in the column. Further large
reduction in the flow ratio is undesirable as too great a difference in
flow rates produces a "pinch" between the equilibrium and operating lines
at the concentrated end of the operating diagram; this causes excessive
stripping stage reqirements ard high uranium losses.

Neptuniun and plutonium are stripped into the aqueous phase along
with the uranium. About a 10 per cent improvement in decontamination iseffected in the column since irreversibly extractable fiseion-product
elements leave the column with the ICW hexone waste stream. The majority
of the fission products, however, follow the uranium. The lOW is direct-
ed to the I Column and subsequent hexone recovery steps (see Chapter IX)
before being recycled to the solvent-extraction battery.

4.2 Physical properties of the IC system

Flowsheet RW No. 4 stipulates a maximum uranium waste loss in theICW stream of 0.05 per cent of the IA Column feed uranium, or about 0.07grams of U02(NO3 ), per liter of ICW. Doubling this waste loss to 0.1 percent of feed uranium increases the ICW density by about 0.0001 g./ml.Thus, while large uranium waste losses appreciably affect the ICW density,small deviations are not accurately determined by density measurements.
The IC Column aqueous density profile has been calculated for the ANL and
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ORNL flowsheetsC23), and stegewise densities determined by laboratory
countercurrent batch equilibration are tabulated in Table IV-25.

The stripping of uranium from hexone to an aqueous phase invelves
the absorption of heat. Consequ-ntly there is a definite cooling of the
IC Column streams with the lowest temperatures appearing at the point of
greatest mass transfer in the column. For the heat of transfer of uranium
in the IC stripping, see Subsection B10.

Under low acid conditions in the IC Column, emulsification of the
phases tends to occur. This difficulty can generally be inhibited by the
addition of 0.01 M IWO3 to the ICX stream. For data on IC Column phase
disengaging times, see Subsection B9.

4.3 Chemical properties of the IC system

The IC extractant is water to which a small amount (0.01 M))o nitric
acid may be added if necessary to minimize emulsification. Since salting
agent is absent, the uraniu' distribution highly favors the aqueous phase
as is also the case with the neptunium and plutonium. This is true re-
gardless of the state of oxidation of the Np and Fu when they reach the
IC Column. The uranium remains in the (VI) valence state. The fission-
product elements likewise largely follow the uranium in the absence of
salting agent. For distribution data under IC Column conditions, see
Section C.

As in the IB system the acidity of the IC Column is for the most part
a function of the amount of acid carried over from the previous column

operation. With acid-deficient or hybrid flrwsheet operation of the IA
Colnn, less than 0.04 M nitric acid is carried in the ICF stream. No
acid is necessary in the IC stream to strip the uranium completely, but,
as has been noted, the addition of a small amount of nitric acid to that
streipsis desirable to minimize emulsification in such a low acid system.

If the acidity of the system were to become extremely low at any point
(pa 4 ove about 2.5), difficulty might be caused b the drolySiS and

dimerizetion of uranium according to the reaction: 147,14)

2U02 + H20 v U205 + 2H+

The possible stability and distribution of this dimer in the IC system are

imperfectly understood. While the stream flow rates and uranium concen-

trations are essentially the same for acid, acid-defiCient, and hybrid
flowsheets, the nitric acid profile in the IC Column is decidedly different

for the different flowaheets.

Since uranium distribution into the aqueous phase is favored by an
increase in temperature, the lowering of the temperature of the system by

mass transfer reduces the distribution into the aQueOus phase in an adia-

batic system, end necessitates additional stripping stages to achieve the

desired extraction. In actual practice, heat transfer thrsugh the column
walls may largely nullify the effect by raising the organic phase tempera-
ture to normal by the time it leaves the column at the top. Furthermore,
the temperature effect may be rendily counteracted by increasing the L/V
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ratio (increasing the slope of the strip operating line) which decreases
the number of stages required to achieve a given waste loss limit. For
the effect of temperature on uranium equilibrium in the IC system see
Figure IV-34.

Decreasing the aqueous/organic flow ratio, by increasing the organic
or decreasing the aqueous flow rates, results in increased concentration
of the uranium in the aqueous phase. Additional stripping stages or
transfer units will then be required to reduce the uranium waste loss in
the ICW stream. Concentration of the uranium in the IC Column is desired
because 2 M uranium solution is required for feed to an additional uranium
extractitn and stripping decontamination cycle. At high aqueous concen-
trations, however, the distribution ratio (Es) of uranium becomes unfavor-
able. The IC Column flowsheet then represents a compromise between
minimum stripping transfer unite (high aqueous flow rate and short column),
low uranium waste losses (low aqueous uranium concentration), and stream
stability (aqueous and organic flow rates of the same order of magnitude)
on the one hand, and high aqueous uranium concentration for second cycle
feed on the other.

4.4 Losses and decontamination

Decontamination in the IC Column is of secondary importance, and
is largely a function of which fission products follow the uranium from
the IB Column. The Pu(IV) polymer is only slightly extractable by hexone;
however, if any polymer has been formed earlier in the system and trans-
ferred to the organic phase, it is stable in the organic soluticn and is
removed with the ICW stream. It therefore constitutes a Pu loss, but does
not contaminate the uranium. However, normal plutonium(uncomplexed) and
neptunium follow the uranium in the IC system. Some fission-product
elements are also stable in the organic phase, particularly certain fcrms
of ruthenium, and are therefore eliminated in the ICW. Most of the fission
products follow uranium (cf. HW-14261(169)),

High aqueous acidity causes poor stripping by salting uranium into
the organic phase. However, fluctuations in aqueous acid concentration in
the flowsheet range of 0 to 0.1 M has little effect on uranium waste
losses in the IC Column except for its influence on possible entrainment
of aqueous solution with the ICW. An increase in the concentration of
uranium in either the ICF or ICU requires additional transfer units to
achieve a given waste loss, as does a decrease in the aqueous-to-organic
ratio, L/V. Temperature fluctuations over a range of 150C. in the IC
stripping operation do not produce an appreciable effect on waste losses.

5. ICU Concentration

5.1 Relation to the process

As the ICU stream comes from the IC Column, it contains U(VI),
Pu(VI), Np(IV), and the fission-product elements RBl, Nb1 Zr, and Ce in that
general order of abundance.(1 69) Additional decontamination of the
uranium may or may not be required at this point, depending upon the
ultimate use and method of handling the recovered uranium, and on the
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decontamination achieved in the feed preparation and the first solvent-
extraction cycle. Such additional decontamination is effected by the
second (and third, if necessary) extraction end stripping cycles. The
maximum feasible concentrction of uranium in the ICU stream is about 0.8
M, while high aqueous uranium concentration (2 M) is prescribed by the
flowsheet for 2DF feed to the second uranium cycle. Therefore, concen-
tration of the ICU is necebsary if further decontamination is required.
Concentration of the feed stream, rather than the aqueous waste stream
from a new extraction cycle, reduces the salting agent requirements and
consequently reduces the final aqueous waste volume attainable.

The aqueous ICU stream is saturated with hexone as it comes from the
IC Column. In addition, it may contain up to 0.1 or 0.2 M HNO under
hybrid or acid-deficient flowsheet operation. Elevated temperture evapora-
tion of water from the ICU stream as it comes from the column would then
introduce the possibility of nitrate or nitric acid oxidation of the dis-
solved hexone. Such oxidation yields degradation products, e.g., methyl
isopropyl diketone and oxalic acid, which have an adverse effect on sub-
sequent solvent-extrection operations (see Subsection Bl). To obviate
this eventuality the hoxone must be largely stripped (ca. 95 per cent)
from the aqueous solution prior to urenium concentration. Furthermore,
the solution must be neutralized with caustic to provide an acid-deficient
feed for a subsequent uranium decontamfnetion cycle.

5.2 Method of continuous concentration

In order to effect hexone removal prior to aqueous concentration, the
ICU stream is continuously introduced at an intermediate point in the con-
centrator column, and the hexone is then steam stripped from the aqueous
stream as the latter flows down the column to the distillation pot.

Neutralization of the aqueous uranium stream is accomplished on a
continuous basis by the ndditiod of liquid caustic to the ICU Concentrator
pot. The concentrate is continuously removed from the concentrator, cool-
ed, and fed to the 2D Colurm. The uranium flow is therefore continuous
from the initial extraction to the final decontaminated stream.

See Section B of this chapter for specific properties of the concen-
trator system: vapor-liquid equilibrium, density, boiling point, specific
heat, and viscosity.

6. 2D Column

6.1 General principlos

After the preparation of acid-deficient 2 M uranyl nitrate solution
in the ICU Concentrator, the concentrate is fed as the 2DF stream to an
intermediate point in the 2D Column. This column is a compound contactor
similar to the IA Column, and its purpose is to separate uranium from
plutonium as well as from neptunium and fission products.

Operation of the column is naklgous to the IA in that the continuous
phase is aqueous while the hexone extractant is dispersed. The 2DX hexone
stream enters the bottom of the column, rises through the extraction section,
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and is finally contacted above the feed point by the aqueous scrub solution
(2lS) which enters the top of the column. the uranium-bearing hexone
leaves the top of the column as the 2Dt stream, and the aqueous raffinate
leaves the bottom as the 2DW stream.

The principal difference between the IA and 2D Columns is that the
latter is required to separate plutonium as well as other Impurities from
the uranium. Consequently, the 2DS stream contains both ferrous ion, to
reduce the plutonium to the organic-insoluble (III) state, and aluminum
nitrate, to salt the uranium into the hexone. A holding reductant is
also required.

6.2 Physical properties of the 2D system

The production of a temperature gradient in the 2D Column, as a
result of the evolution of the heat of extraction of uranium, is the same
as noted for the IA Column. Since the flow rates and concentrations are
the same as in the former case, the effect is quantitatively the same.

The variation of aqueous density through the column is likewise the
same as for the IA system. Similarly, variation of the 2DW density with
waste losses will amount to about 0.0006 g./ml. for a change of 0.78
.g./l. in the U02 (NO3 2 waste concentration.

6.3 Chemical proertjes of the 2D system

Plutonium enters the 2D Column in the (IV) and (VI) valence states
but is held in the aqueous phase by reduction to the (III) state by Fet.
Any neptunium present in higher valence states is converted to aqueous-
favoring Np(IV) by the ferrous ion. The transuranium impurities are thus
removed via the 2DW stream, while the uranium is transferred to the
hexone phase.

The most effective reducing agent and holding reductant are those
used in the IB Column, Fe+Z and sulfamate ion. The sulfamate serves
another purpose in addition to stabilizing the ferrous ion in the system.
It has been reported that nitrous aci? increases the distribution of
ruthenium into the organic phase.(130 Therefore the presence of sulfa-
mate in the 2D Column should improve ruthenium decontamination if a
nitrite is produced in the ICU concentration step (see GE-E-13120C95
and Subsection C4).

The aluminum nitrate salting strength is the same as in the IA system.
The optimum fission-product decontamination is achieved by acid-deficient
operation in the upper portion of the column, whereas uranium waste losses
are minimized under HW No.4 Flowsheet operation by the introduction of
acid in the 2DL stream at the dilute end of the column.

Flow ratioi variations will nroduce the seine effect as already des-
cribed for the IA Column; i.e., a lower L/V ratio means a lower operating
line slope and a smaller extraction factor. Consequently, fewer stages
are required to attain specified waste losses when the L/V ratio is re-
duced in the extraction section. On the other hand, increasing the ratio
tends to improve decontamination. Typical flowsheet flow rates and comw
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positions for the 2D Column are summarized in Table IV-2.

6.4 Waste losses

Uranium waste losses in the 2D Column are dependent entirely on the
operational variables. The uranium is in the organic-soluble (VI) valence
state, and is satisfactorily extracted provided sufficient extraction
stages are available by: sufficient salting strength which means mainten-
ance of the 2DS flow rate relative to the 2DF stream, excess nitric acid .
ct the dilute end of the column, and the minimum operating lino slope con-
sistent with the requirements of the system.

6.5 Decontamination

Practically 99 per cent of the plutonium which enters the 2D Column
leaves with the 2DW stream. The neptunium concentration is reduced by a
factor of approximately 20, which is adequate neptunium separation even if
all the neptunium in the Bedox feed solution followed the uranium in the
IB Column. Fission-product decontamination is dependent upon the same
variables as discussed for the IA system. However, the actual decontamina-
tion achieved in this colu= is much less than in the IA Column due to the
fact that the more easily separable fission products have already been re-
moved as well as the feet that the initial concentration here is much low-
er.

7. 2E Column

7.1 General principles

The 2E Column is a simple column similar to the IC. The organic feed,
23F (the 2DU stream from the 2D Column), enters the bottom of the column
and rises as the dispersed phase. The uranium is stripped into the aqueous
phase by the extractant, 2EX, which enters at the top of the column. The

effluent uranium is thus in the form of an aqueous solution suitable for
metal recovery or an additional decontamination cycle if necessary. The
plutonium content is negligible at this point, the neptunium has been more

than 50 per cent removed, and fissionaproduct radioactivity has been re-
duced to aboug 5.6 x 1005 countable curies of gross beta radioactivity/gal.
and 5.1 x 10- countable curies of gross gamma radioactivity/gal.

7.2 Pbysicnl and chemical properties of the 2E system

In operation and function this column is similar to the IC Column,
the chief difference between the two being the greater L/V ratio in the
2E Column. This is both necessary and desirable because of the fact that

the organic feed solution to the 2E Column (the 2DU stream) has a higher
uranium concentration than that of the ICF stream. This difference a-

rises from the addition of the IBS scrub stream to the organic phase from

the IA Column, while no such operation is necessary in the case of the

second urenium decontamination cycle. The higher relative aqueous flow
rate in the 2E Column produces essentially the same aqueous uranium con-
centration as the IC Column due to the hi her feed concentration in the
former case. UELSSIFIEO
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As in the case of the IC Column, the addition of a small amount of

acid to the aqueous ertractant may be desirable for its effect on de-
creasing the disengaging tine at the top of the 2E Column. Otherwise,
the 2E acidity is dependent upon the ccid carry-over from the 2D Column.
Due to the difference in flow rates and feed concentration, the density
profile of the 2E Column is different from the IC Column, but the varia-
tion of the organic effluent density with uranium waste losses will be
the same as for the IC system. Since the amount of uranium being trans-
ferred per unit time in the 2E operation is the some as in the IC, the
heat absorption effect is the same in the two systems. The effects of
variations in the L/V ratio are essentially the same as those for the
IC operation.

7.3 Losses and decontamination

Decontamination is of secondary importance in this column and a-
mounts to a factor of about 2. Residual radioactivity is so low at this
point that proper determination of the decontemination achieved involves
a necessary correction for the presence of U237 beta and gamma radio-
activity.(138 ) Otherwise losses and decontamination are dependent upon
the same factors as for the IC Column.

8. Third Uranium Dcontaination Cycle

8.1 General principles

A third decontamination cycle nay be necessary, depending upon the
results achieved in the previous operations as well as the ultimate con-signment of the uranium. This third cycle is available in the Redoxplant but will not be used unless necessary.

8.2 Physical and chc3icol properties of the system

As may be seen by reference to Chapter I, the third-cycle flow rates,compositions, and operations, are essentially the same as the second.
The operations involve the concentration of the 2EU stream in the somemanner as the ICU, the transfer of the uranium to hexone, and scrubbingwith aluminum nitrate solutionin the 3D Column, followed by the returnof the uranium to en aqueous solution in the 3E Column. The nitric acidconcentration is lover in the 2EU strem than in the ICU stream, andconsequently less caustic is consumed in the 2EU concentration. The over-all decontamination achieved must again be corrected for u237 radio-activity in the 3EU stream.

8.3 JEL concentration

Concentration of the final aqueous uranium solution is necessarywhether one, two, or three decontamination cycles are required. Thefunction of the final concentration is to strip out the dissolved hexoneas well as to remove part of the water in preparation for conversion ofthe uranyl nitrate to uranium trioxide. Just as in the ICU concentration,hexone removal is necessary to prevent the formation of hexone degradationproducts. The operation is completely comparable to the ICU and 2EU con-centration steps.
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9. Cross-Over Oxidation DECLASSIFIED
9.1 General principles

The cross-over oxidation is the operation which couples the first-
cycle plutonium decontamination with subsequent plutonium decontamina-
tion cycles. The separation of plutonium from uranium in the IB Column
yields an aqueous solution of Pu(III), the IBP stream. Additional Pu
decontamination requires oxidation of the plutonium to a hexone-soluble
valence state. This conversion of Pu(III) to Pu(IV) and/or Pu(VI) is
accomplished in the cross-over oxidation step.

Pu(III) is more readily and rapidly oxidized to Pu(IV) than to Pu(VI)
since the former transformation requires only an electron transfer, while
the latter involves the formation of oxygen linkages to yield the plutonyl
ion. Pu(IV) is less soluble in hexone than is ru(VI), but in the presenos
of excess acid Pu(IV) has - satisfactory distribution ratio for hexone ex-
traction. It is doubtful whether very much greater decontamination can
be attained by acid-deficient extraction of Pu(VI) than by acid extraction
of Pu(IV). Therefore, it is more advantageous to use the rapid oxidation
of plutonium to the (IV) valence state followed by acid extraction, rather
than the slower oxidation to the (VI) state and acid-deficient extraction.
Potential plant capacity is greater with the faster oxidation system.

The cross-over oxidation may be effected either in a batch process
or by continuous operation.(180) Since Pu(III) is much more rapidly
oxidized to the (IV) state than to Pu(VI), the use of Pu(IV) in subsequent
extraction is particularly desirable for continuous operation. Such a
continuous process is more desirable from the standpoint of both operation-
al and critical mass control. The continuous oxidation my be carried out
as a separate operation between the IB and 2A Columns, or it may prove
feasible merely to odd the oxidizing agent to the 2A Column scrub stream
and rely on oxidation of the Pu(III) to Pu(IV) within the 2A Column.

The batch reaction may be carried out hot or cold. Hot oxidation
necessitates the prior removal of dissolved hexone from the aqueous Pu
solution in order to prevent the formation of hexone decomposition pro-
ducts which are detrimental to subsequent Pu extraction and stripping
operations.(39) Particularly undesirable is the oxidation of hexone to
methyl isopropyl diketone, since the diketone in the pres nce of Pu(IV)
can be convertfd to oxalate which precipitates Pu(IV) 39 The Pu(V)
state has not been observed in the cross-over oxidation system.

The cross-over oxidation step must also oxidize the ferrous ion
reducing agent which accopcnies the plutonium from the IB Column.
Sulfamate ion, from either sulfamic acid or ferrous sulfamste IB hold-
ing reductant, is unaffected by oxidizing gents.(177) However, excess
acid and elevated temperatures accelerate the hydrolysis of the sulfa-
mate ion to amonium and sulfate ions (cf. Subsections B7 and B8).

Oxidation under acid conditions will convert neptunium to the organic-
. soluble (VI) valence state(70), but under acid-deficient conditions, above

a pH of about O.5, the (VI) valence state is unstable and is reduced to
Np(V) which is inextractable.(39,41,132) DECLASSIFIED
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The choice of an oxidizing agent is at least partly based on its

oxidizing potential which should be sufficient to produce the desired
plutonium valence state. Since a clarification step is extremely
undesirable, solids form g cannot be tolerated in the oxidati n step.
Possible oxidizin8 agents include dichroacte ion(185), ozone 177
permanganate ion(22), ceric ion(l51,152), and hydrogen peroxide(22,761 .
For the stability of the Pu valence states, see Subsection B6.

9.2 Dichronate oxidation

9.21 Rate

The oxidation of Pu(III) to Pu(IV) and of Fo(II) to Fe(III) bydichromote is very rapid, the reaction being complete in less than 20seconds at 250C. The oxidation of plutonium to Pu(VI) is much slower, ahalf-time of 20 hours having been observed for the oxidation of the pluto-
nium in an ANL Flowsheet IBP stream in the presence of hexone.(1 8 5) Thelatter reaction, however, may be accelerated by the influence of other
variables.

9.22 Concentration of DichrMnte

The oxidation of Pu(III) is sufficiently rapid with the use of theapproximate stcichioetric amount of dichronate required to complete the
oxidation of the Fe(II) and Pu(III) in the IBP stream. Since the presence
of an apprecable excess of dichrcmate adversely affects decontaminationin the 2A Column, no advantage is to be gained by the use of greater tlhnflowsheet concentrations (0.01 M) of dichromrte.

9.23 Nitrate icn concentration

The oxidation rate of plutonium decreases with an increase in nitrateion concentration when the acidity, ionic strength of the solution, anddichromete concentration, remain constant. This. effect is probably dueto the formation of Pu(Il) complexes such as Pu(NO ) + or Pu(No 3 )6 2which are oxidized more slowly then hydrated Pu(14 ion itself.

9.24 Hydrogen ion concentration

Acid is consumed in the oxidation as indicated by the following
equation:

6 Fc+2 + Cr2 O 7 + 14E+-~4 6Fe± +2cr + 7H20.

The oxidation of 0.05 mole of Fe+Z will consume 0.117 mole of acid andabout 0.008 mole of dicbromete. An increase in the acidity of the solu-tion will then accelerate the rate of the reaction.

The oxidation nf Pu(III) to the (IV) and (VI) states also consumesacid, as shown by the following over-all reactions:
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6Pu++ Cr2 07-+ 14Rh -> 6Pu+ 4 + 2Cr+3 + 7H20;

2Pu+ 3 + Cr 2 07 + 6H+ :, 2Pu02+2 + 2Ct3 + 3H2 0.

Due to the small concentration of plutonium in the solution, the amount cf
acid required in comparison with ferrous iron is negligible. At low hydro-
gen ion concentrations, however, the oxidation of Pu(IV) to the (VI) valence
state is also hindered by hydrolysis of the Pu(IV). It is to be noted that

the rate of oxidation of Pu(IV) to Pu(VI) is decreased by increasing nitric
acid concentration. This effect is probably produced by the complexing
action of the nitrate ion.

9.25 Catalysis

A variety of dichromate oxidizable substances are catalysts for the
oxidation of Pu(IV) by dichromate. The accelerating agents may either act

as true catalysts, or as inducing agents which produce intermediate chromi-
um states that are more rapid oxidants than the dichromate itself. Tested
catalysts in order of decreasing effectiveness are ethanol, hydrazine,

Mn(II), hexone with sulfaric acid, Co(II), Fe(III), and Ce(III). However,
the Redox floweheet does not specify the use of a catalyst since oxidation

beyond Pu(IV) is not required. The 2A Colun is designed to extract all
the Pu(IV) that might be present.

9.26 Effect on decontamination

The presence of excess dichromate in an acid 2A Column adversely affects

cerium decontamination, and also that of zirconium in the presence of methyl

isobutyl carbinol.(105,l18) Inprovement in 2A Column decontamination may
then be effected by the addition of just sufficient dichromate to oxidize

Pu(III) to a mixture of Pu(IV) and (VI). The gross beta-gamma distribution
ratio is doubled by doubling the amount of dichromate used to accomplish
the oxidation to the higher mixed valence states, and thus adequate con-

trol is required to reach the proper equivalence point.(107)

9.27 Effect of hexone

Hexone decomposition products accelerate the rate of Pu oxidation more

than hexone itself, and the rate of oxidation of new solutions containing

hexone increases as hexone decomposition products ore formed. The forma-

tion of hexone decomposition products can have a deleterious effect on tir

subsequent plutonium decontamination cycles, both by increasing fission-

product distribution into the organic phase, and by the precipitation 
of

plutonium (IV) oxalate. The danger, of course, is exaggerated if herone

is present as a second phase due to entrainment or flooding in the 
lower

portion of the IB Column. When elevated temperature is utilized in the

cross-over oxidation, prior stripping of the hexone is required.
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9.3 Other oxidants DECLASSIFIED
9.31 Ozone

Ozone oxidctionO177) has the advantage of improved decontamination,
as well as the elimination of the introduction of additional interfering
ions in the 2A Column, which simplifies re-processing off-standard
streams. The cerium distribution from an ozonized solution is reported
as 0.0002 (E,); from the some solution oxidized with 0.02 M dichronate
the distribution ratio is reported as 0.87.(177)

Laboratory ozonolyses have been performed without removing the
hexone, but this practice introduces a potentially hazardous reaction be-
tween the hexone and ozone. Also, the presence of hexone inhibits the
plutonium oxidation, and its presence results in the formation of methyl
isopropyl diketone. In ozonolyses performed by an oxygen stream contain-
ing 2.5 volume per cent ozone, the flow ratio of 200 volumes of gas to
1 volume of solution per hour oxidizes plutonium completely to the (VI)
state in less than one hour at 750C.; and in less than six hours at 250C.
A 0.01 M solution of silver nitrnte is used as a catalyst. Higher temper-
atures or longer reaction tines are necessary in the absence of the
catalyst. The Pu(VI) obtained by ozonolysis is reduced at a rate of 0.33per cent per day when neither hexone nor holding oxidant is present, butthe rate is increasod to 2 per cent per day in the presence of hexone.
Ozone is therefore not a desirable oxidant since the oxidation rate is
slow end the higher valence state is not stabilized.

9.32 Hydrogen peroxide

The use of hydrogen peroxide(151,152) for the cross-over oxidation
has advantages similar to ozone. Oxidation with twice the concentration
of peroxide necessary to destroy the ferrous ion gives about equal amountsof Pu(IV) and Pu(VI); four times the amount required to destroy F#+
gives mostly Pu(VI). The reaction is accompenied by effervescence fromperoxide decomposition. The disadvantages of hydrogen peroxide are itsslow reaction rate and its tendency to precipitate plutonium peroxide. Atlow acidities a portion of the plutonium forms a peroxide colloid.Peroxide oxidation in the presence of hexone results in the formation ofcolored organic materials.

The distribution of cerium from peroxide-oxidized solutions is 0.0014
a), which is less than that for 0.02 M dichromate-oxidized solutions.

Ruthenium distribution is of the same order of magnitude by either meansof oxidation.(152) Sodium peroxide gives similar results but is difficultto handle.

9.33 Permanganate-peroxide

The use of a combination of permanganate and peroxide is lengthy andcomplex, and there is also the potential difficulty of manganese dioxideprecipitation. The procedure involves the addition of permanganate andair sparging, followed by the addition of hydrogen peroxide. The use ofsodium permanganate results in formation of an unidentified precipitate
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which is not obtained with the potassium salt. Beta decontamination ob-
tained in column runs following this method of oxidation were lower than
those using ozone or dichromate.

9.34 Ceric ion

Ceric ion may be used as a catalyst for ozone or dichromate oxidation
of plutonium, but being a strong oxidant it also oxidizes the fission-pro-
duct elements thus resulting in poor decontamination in the subsequent ex-
traction cycle. In a solution 0.5 M ENS3 , oxidation to Pu(VI) is complete
in less than 10 minutes. Hexone, if present, is also oxidized, but at a
slower rate. Solutions oxidized by ceric ion showed a distribution co-
efficient (sa) of 0.44 for ruthenium tracer, as compared with 0.064 for
comparable solutions oxidized with dichromate.

10. 2A Column

10.1 General principles

The second and third plutonium decontamination cycles are carried out
in the 2A-2B and 3A-3B Column systems respectively. The 2A Column in the
second plutonium cycle is analagous to the IA Column in the first-cycle
operation; its purpose is to decontaminate the plutonium further by ex-
traction into hexone, leeving the fission products in the aqueous waste
stream. The 2AF stream is fed to the column at an intermediate point and

flows to the bottom as the continuous phase. The extractant stream (2AX)
is introduced at the bottom, and ascends as the dispersed phase to thi
upper portion of the column where it is scrubbed by the 2AS stream enter-
ing at the top. Typical flowsheet stream compositions and flow rates are

summarized in Table IV-2.

As in the case of the IA Column, the 2A Column may be operated under

acid, acid-deficient, or hybrid flowsheet conditions. Acid-deficient or

hybrid operation necessitates oxidation of the plutonium to Pu(VI) in the

cross-over oxidation in order to get satisfactory extraction in the 2A
Column. Since, as noted in Subsection 9 , above, it is more desirable
not to carry the plutonium oxidation completely to Pu(VI), it is then

necessary to utilize acid extraction in the 2A Column. Furthermore, it
is doubtful whether acid-deficient operation would produce an appreciable

improvement in 2A Column decontamination.

10.2 Chemical properties of the 2A system

The extraction of Pu(IV) and of Pu(VI) have both been suggested as

bases for the operation of the 2A Column. Operation with Pu(It) has the

advantage of simplifying the plutonium cross-over oxidation and of re-

taining the fission-product elements in the less extractable lower

valence states. The advantage tends to be counterbalanced by the fact

that the Pu(IV) is less extractable then Pu(VI), which thereby requires

higher salting strength, lower L/V ratio, or greater column length in

order to reduce Pu waste losses to an acceptable level. Actually the
2A Column is designed to extract Fu(IV) adequately. A slight excess of

dichromate is present in the 2AF stream and in the 2AS stream to serve

DECLASSIIEDU



DECLASSIMED 439

as a holding oxidant for the plutonium in the column. For plutonium dis-
tribution data, see Section C.

The principal fission products which reach the 2A Column with the
plutonium stream are cerium, ruthenium, and zirconium. The first two
are sensitive to the oxidizing conditions in the cross-over oxidation and
have a tendency to be transferred into the extract stream. The zirconium
is ordinarily adequately renoved, but, as noted before, appears to be
particularly susceptible to the effect of solvent impurities (e.g,,MIBC).

The aluminum nitrate salting strength in the extraction section isconsiderably higher than that used in the IA Column because of the absenceof the salting effect of the uranium present in the IA system. Approxi-
mately half of the aluminum nitrate employed reaches the 2A Column by wayof the aqueous plutonium extractant stream from the IB Column, as a con-sequence of which the salting concentration requirement in the scrub
section is markedly lower then in the IA Column. The lowered scrub salt-
ing strength has the effect of increasing the plutonium reflux in the
column, but also tends to improve removal of fission products from theorganic stream.

The 2A-2B system is sensitive to nitric acid concentration throughoutthe cycle. Raising the acj.dity in the 2A Column improves the plutonium
extraction, but it results in a higher acid concentration in the 2AP
stream which increases the difficulty of stripping the plutonium to the
aqueous phase in the 2B Column. The amount of acid introduced into the
2A system is therefore a compromise between the two opposing factors re-sulting in a comparable number of transfer stages (comparable heights)
for the two columns.

Variations in the L/V ratio have the same general effects as in theIA Column. Since the actual mass transfer taking place in the system isslight, extraction produces no appreciable effect on stream densities, andno appreciable heat of extraction is observed. Small variations in opera-ting temperature are not likely to olter the decontamination achieved
since the distribution ratios of all of the components of the system varywith temperature in about the sane fashion, and changes in stage heightswith temperature should be about the same for-all components.

10-3 Waste losses

Any variation in the ratio of the 2AS and 2AF stream flow rates doesnot greatly alter the salting strength of the aqueous phase in the ex-traction section, since both streams carry about the same concentrationof aluminum nitrate. A reduction in salting strength or excess acid inthe extraction section, however, must be counteracted by a decreased L/Vratio, if the plutonium waste loss is to be maintained below the allow-able maximum.

Any americium carried over from the first-cycle operation is elimin-ated in the 2AW stream, and a correction for its presence must be made inthe determination of Pu waste losses by total alpha count. For the pluto-nium extraction stage and transfer-unit requirements in the second andthird plutonium cycles, see Chapter Vend HW-l9O47.(l90)
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10.4 Decontamination

The operational variables affecting decontnmination in the 2A Column
are the same as those for the IA Column. The actual decontamination
accomplished in the 2A Column, however, is much less than for the IA system
because the easily separable fission products have already been removed.

11. 2B Column

11.1 General principles

In the 2B Column the plutonium is transferred to the aqueous phase,
and is then available for further decontamination or for processing to
metal. Decontamination in the column is of secondary importance, and most
of the radioactivity present in the system follows the plutonium. This Is
a simple column and uses the 2AP strea as feed (2BF), entering at the
bottom. The aqueous extractant (23X) enters the column at the top and flows
to the bottom as the continuous phase. The stripping of the plutonium into
the aqueous phase is analogous to the uranium stripping in the IC, 2E, an!
3E Columns. No change in the plutonium valence state is required, which

differentiates the operation fror. the IB Column plutonium extraction.

11.2 Column chemistry and operticnal variables

The only chemical changes occurring in the 2B system are secondary
reactions involving hexone or organic impurities. The principal chemical
variable in the operation of this coluun is the concentration of the nitric

acid, most of which comes from the 2A Column. The higher the acid concen-

tration, the greater is the difficulty of stripping the plutonium because
nitric acid increases plutonium distribution into hexone. The 2B operation
is therefore closely allied with that of the 2A Column, and an appreciab3e

increase in the acidity of the 2B system must be compensated for by in-
creasing the L/V ratio.

The total mass transfer is small, and density and heat effects are
therefore negligible.

11.3 Losses and decontamination

As noted above, Pu losses in the 2B organic raffinate are a function

of the L/V ratio and the acidity of the system. The decontamination is two

to three-fold, but is not of sufficient magnitude to be important.

12. Third Plutonium Decontamination Cycle

The utilization of the third Pu decontamination cycle is dependent cn

the effectiveness of the previous operations. If the third cycle is rer.

quired, the only feed preparation necessary is the addition of aqueous

aluminum nitrate to the 2BP stream in order to realize the necessary salt-
ing strength. Except for small differences in acidity and flow ratios, the
cycle is then identic&l to the second and involves the use of the 3A and 3B
Columns. Variables are as discussed for the second cycle. The final

purity end disposition of the aqueous plutonium stream is discussed in
Chapter VII.
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B. PROPfTIES OF PROCESS MAT2IAIS

1. HExone

1.1 Introduction

Methyl isobutyl kotone (4 -mthyl-2-pentanono), commonly known as
hoxon iQ a colorless, mobile liquid with a typically sweet, ketonic
odor.2i 0 ) It is produced by the condensation of acetone to mesityl
oxide with subsequent hydrogenation of the oxide to the ketone. Factors
leading to the choice of hexone as the solvent in the Redox process are
discussed in the preceding section.

1.2 Physical properties

The physical properties of methyl isobutyl ketone are presented in
Table IV-3. The properties listed arc those of fundamental interest and
importance in the Redox process.

1.3 Chemical reactions

The chemical properties of hezone are illusflred below by a series
of reactions charcteristic of aliphatic ketones.

1.31 Dzidation

With strong oxidizing agents such as chromic acid, hexona is oxidiz-
ed to a mixture of acetic, isobutyric, and isovaleric acids, carbon
dioxide and water:

(CH3 2 C. 2. .CH3 + 4 6  : (CH3 )2 CH.COOH + CH3 .COOH

(CH3)2 CHCH2 . ,CH + 20 +:b (CH3 )2 EC.f2 C00H + Co 2+ H2 0.

1.32 Condensation: -

Hoxone condenses with aldehydes to form unsaturated ketones:

(CH3)2 dH'C 2 .CO.CE3+CH3.C 2.02.CHO-4(CH3)2C0EC
200. CH - CH.C2'.C2%Cn3.

Hexone condenses with itself in the presence of various catalysts:

Nnoll
2(CH3 aCH.CH2.CO.CH or

3 HO lb

CH CH

(3)2CH.CH2''C=CH.00.CH2-CH

CH3
Hexone condenses with hydrazines to form hydrazones.
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1.33 Addition reactions:

Characteristic of carbonyl compounds, hexone adds sodium bisulfite at
a rate of 12 per cent in one hour when one equivalent of sodium bisulfite
is employed. OR

(CH3) 2 CHPH2CO.CH3 + NaHSO ->(CH 3 )2 CR.C/ H3

SO3Na

1.34 Reactions with nitric acid:

One of the important spectfc teactions of hexone in the fedox pro-
cess is that with nitric acid The main reaction of hexone and nitric
acid consists of an oxidation of the ketone to alpha-nitroso methyl isobutyl
ketone with subsequent hydrolysis and oxidation to methyl isopropyl dike-
tone and dinitroisobutane.

(CH 3 ) 2 C1.Ca2 .CO.CH 3 + HNo 2 - (0H)2CH.CH(NO).CO.CH3

alph6-nitroso methyl isobutyl ketone

CH .CE(NO).CO.CE3 .OO (CH)2CH.CO.CoCH3 + H2o

methyl isopropyl diketone

(CH 3 )2 CE.CH(NO) .CO.CH3 H20 '(CHA)2CH.CH(N02)2 0011 + HNO2*
dil.HN1

3

1,1-dinitroisobutane

After an indeterminate induction period, this reaction is initiated by
nitrous acid, and becomes autocatalytic through side reactions which
produce additional nitrous acid. The initial reaction appears to be
first order with respect to nitrous acid and nearly independent of the
nitric acid concentration. At room temperature, when the nitric acid
concentration is below about 0.3 M, the nitrous acid, if present
initially in concentrations of from 0.0001 M to 0.01 M,disappears with
no further reaction. At nitric acid concentrations greater than 0.3 M
and nitrous acid concentrations greater than 0.001 M, the nitrous acid
decreases to a minimum and then increases to an equilibrium value of
0.001 M, from which point there is continuous destruction of hexone
with a reaction rote of about 0.03 per minute. Raising the temperature
from 250C. to 4000. more than doubles the reaction rate, and reduces
the nitric acid concentration necessary for a self-sustaining reaction
to 0.2 M as compared to 0.5 M at 250C.

Since the hexone-nitric acid reaction is exothermic, and since the
reaction rates increase rapidly with temperature, under conditions of
high nitric acid concentration (over 3 M) and poor heat transfer the
reaction mixture becomes violently unstable. Reducing agents such as
iron, which react with nitric acid to produce nitrous acid, accelerate
the reaction, but sulfamate ion, ammonium ion, and dichromate ion,
destroy nitrous acid and thus inhibone-nitric acid reaction.

&-* L~UMIED
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Uranyl ni ratj also destroys nitrous acid, through a complex photochemical
reaction. t91)

Although nitric acid is added directly to the orgetic streams, the
above reaction does not occur in the absence of nitrite ion and nitrous
acid, and any nitrite ion which may be introduced as a contaminant of
the process chemicals is quickly destroyed by one or more of the afore-
mentioned reactions.

An additional safety factor is provided by the automatic proportion-
ing pumps which are employed wherever nitric acid is added to hexone.
These pumps maintain the flow of nitric acid nt a rate which precludes
dangerous admixtures, i.e., concentrated nitric acid plus an equal or
smaller volume of hexone. The temperature of the hexone is measured
before end after the addition of the nitric acid, by a recorder which
activates an alarm in the event of a too-rapid increase in the tempera-
ture differential. Continuous scrubbing and distillation of the hexone
in the Solvent Recovery operation prevents the build-up of any impurities
which might contribute to this undesirable reaction.

Hexone does not react with aqueous solutions of aluminum nitrate
nonahydrate under ordinary conditions. At elevated temperatures, (900C.)however, the reaction proceeds similcrly to that with nitric acid, pre-
sumably due to nitrous acid produced by hydrolysis of the aluminum
nitrate.(16o)

1.4 Effect of irradiation

Exposure of hexone to process-level radiation (8 x 109 co./min./l.
gross I , 2 x 1012 co./min./l. gross j , measured at 10% geometry and
26 mg./1.Pu.) for more than 430 times (70 hours) the estimated contact
time in the process results in no decomposition of the hexote, as in-dicated by the absence of gas evolution and of any change in disengaging
times, (see under B9 below) and uranium, plutonium and fission product
distribution rctios.(136) Hexone h&s also been found to be stable under
exposures up to 1000 times the radiation level of Redox process streams.(93)
Hexone subjected to the solvent recovery process after having been ex-
posed to radict on s comparable in process performance to fresh, pre-
treated hexone.Ui61

2. Hexone-Water Systems

2.1 Mutual solubilities

The solubilities of hexone in water and water in herone are shown,as a function of temperature, in Figure IV-4, The solubility of hexonein water passes through a minimum of 1.41 weight per cent at 5500.(146)The solubility of hexone in multisolute aqueous solutions varies markedlyfrom that in pure water, and may be determined by use of the equation andcoefficients given in Table tv-22. (166)

2.2 Mutual heats of solution

The heat of solution of water in hexone is 1,800 calories per mole
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of water, while that of hexone in water is -2,250 cnlo gg per mole of
hexone, both measured from zero to saturation at 250C. fi )

2.3 Liquid-vapor equilibrium data

- Liquid-vapor equilibrium data for the hexone-water systems are pre-
sented in Table IV-5A in the form of liquid and vapor phase compositions
and relative volatilities for the temperature range from 88 to 1140C.(151)
The boiling temperatures and vapor phase compositions of the hexone-water
azeotrope for a series of pressures from 27 to 760 mm. of Hg are given in
Tible Iv-5B.(l4,i47>l31)

2.4 Miscellaneous properties

The density of voter-saturated hexone at 250C. is 0.7992 grams per
cubic centimeter. The change in density with temperature is given under
3.4, below.

The viscosity of water-saturated hexone at 250C. is 0.570 centi-
poises.(13) The change in viscosity with temperature may be computed
from the equation under 3.4, below.

The interfacial tension between water-saturated hexone and water is
10.9 dynes per centimeter at 220C.(114)

3. Other Solutions in Hexone

3.1 Uranyl nitrate in hexone

Uranyl nitrate is soluble in hexone to the extent of 113 * 6 grams per
100 grams of hexone at 250C.(201) Uranyl nitrate has been shown to carry
between 3 and 4 molecules of water of hydration into hexone.(21)

A mixed phase crystcl with the empirical formula U02(NO3)2.2.71 H2 0.0 .28
hexone has been isolated. Eowever, uranyl nitrate is not as tightly com-
plexed in hexone as it is in tributyl phosphate, with the result that no
definite formula can be assigned to the solvate, and no rate constants can
be calculated for complex formation. Since stegewise calculations based
on the trihydrate in hexone yield a more nearly straight operating line,
the trihydrate is used for these calculations.

The density of solutions of uranyl nitrate in hexone may be computed
by means of the equation given in Subsection 3.4 below. The apparent molar
volume of U0 2 (NO) 2 in hexone is about 65 cubic centimeters per gram
moie .T155) 3

The viscosity of water-scturated solutions of uranyl nitrate in hexcne
may be calculated by means of the equations given in Subsection 3.4. The
change in viscosity with temperature is given by another equation under
3.4,belov.

The conductivity of solutions of uranyl nitrate in hexone is shown
in Figure IV-6Ul.T2U The equivalent conductance decreases with an increase
in the concentration of uranyl nitrate. D A F
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The specific heat of solutions of uranyl nitrate in water-saturated

hexone is shown as a function of the concentration of U02(N03)2, inFigure IV-7. As shown in the figure, the specific heat decreases from
0.526 to 0.475 calories per gram of solu):1 as the uranyl nitrate con-
centration is increused from 0 to 0.62 M )

3.2 Nitric acid in hexone

The solubility relationships of the system nitric acid-water-hexone
are presented in the ternary phase diagram, Figure Iv-8.(61) The follow-
ing are some typical saturated organic and aqueous phases in equilibrium
with each other, as read from this diagram:

Organic Phase Aqueous Phase

Wt'% . N03  Wt.% H20 Wt.% NO3  Wt.% Hexone

0 2 0 2
2 2 8 2
8 2.5 16 2

20 10 30 Z.5

The density of nitric acid solutions in hexone increases linearly
with nitric acid concentration, as shown in Figure IV-9.(61,155) The
apparent molar volume of nitric acid in hexone is about 30 cubic centi-
meters per gram moze.\155)

The viscosity of nitric acid solutions in hexone may be calculated
from the equation given in Subsection 3.4.(155)

The conductivity of solutions of nitric acid in hexone exhibits a
minimum at about 0.03 M4. Equivalent conductance is shown in Figure IV-6
as a function of thS nitric acid concentration. The ionization constant
for nitric acid in hexone containi?5 .23 weight per cent water, has beencalculated to be about 2.5 x 10-7. 7

The specific heat of nitric acid solutions in hexone increases al-
most linearly with nitric acid concentration as shown in Figure IV-7.(157)

3.3 Miscellaneous sclutes in hexone

Aluminum nitrate is soluble in water-saturated hexone to the extent
of about 10- grams per liter.(161)

Chromic ion, Cr(III), has almost no measurable solubility in hexone(approximately 2 x l0-t'). Its solubility is not appreciably affected
by the salting strength-( of the system or the acidity of the organic
phase.(102) Dichromcte ion, however, is very soluble as evidenced by
the distribution ratios cited in Subsection C6.

Ferrous and ferric nitrates are very sparingly soluble in hexone asindicated by the distribution ratio data presented in Subsection C6.
(No direct measurement of the solubilities was found reported in theliterature.)

Now DECLAQO~irE
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Sulfamic acid is soluble to the extent of 0.34 grams per liter of
water-saturated (pretreated) hexone, at 260C.

3.4 Mixed solutes in hexone

The density of water-saturated hexone solutions at 250C. is given by
the following equation:(158 )

d25 = 0.7992 + 0.3500 M.N+ 0.0439 HNO3 Y

and may be computed at any desired temperature, t0C., by means of an
additional equation:(155)

- 0.9661 d - 0.002029 t + 0.001358 t d25 +0.0507.

These equations are valid in the following ranges:

U02(NO )2-6H20, 0 to 1.4 M;

HNO 3, 0 to 1.0 M

The viscosity 1 , in millipoises of water-saturated hexone solu-
tions at 25'W. may be obtained by:(15

2
log10r= 0.7558+ 0.6433 _ + 0.0543 M + 0.1550 MHNO3

The change in viscosity with temperature is given by:(155)

d(loglF )
434.3 + 360.5 ItN + 2.02 + 100

d(l/T) _ N 3

where M represents the concentration in moles per liter, and T is the
absolute temperature in degrees Kelvin.

The refractive index, 25 , of solutions of uranyl nitrate and

nitric acid in voter-saturated hexone may be approximated by the

equation:(208)

n25 - 1.3932 + (0.0017 - 0.0013 E MNo + 0.028 MN.

The minor constituents, iron, aluminum, and chromium, are so

relatively insoluble that they do not significantly affect the pro-
perties of the organic solitt.ons.

3.5 Impurities in hexone

The principal impurities found in hexone as received from the

manufacturer are methyl isobutyl carbinol (MIBO), mesityl oxide (MO),
and water. The purchase specifications for hexone are given below:
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Rezone Specifications( lle)

Refractive index, n 2  13951 * .04
Color, ASTM D268-49 DMaximum 15 Hazen standard
Acidity 0.05% as acetic acid
Distillation range, ASTM D286-46 Below 11400., none

Above 1170C., none
Purity 99.0% by volume
Impurities: Methyl isobutyl carbinol 0.6% by volume

Mesityl oxide 0.3% by volume
Oxidizing impurity 0.001 normal

Methyl isobutyl carbinol, (CH ?C2 CHHCH, (abbreviated MIBC),
is found in raw hexone in concentrdtions of from 0.2 to 0.6 weight per
cent. (It is introduced into the hexone in its manufacture from acetone,
by partial over-reduction of the intermediately formed mesityl oxide.)
MIBC has an effect on decontamination which varies with the acidity of
the aqueous phase. Under conditions of the ANL (acid) Flowsheet, MIBC
in the presence of dichromate ion has a deleterious effect on Zr de-
contamination as shown under 04.55. Under acid-deficient conditions
such as prevail in the ORNL No. Flowsheet. Zr decontamination is not
sensitive to MIBC concentration. 99q Furthermore, MIBC is readily oxidiz-
ed to hexone, and is thus effectivoly removed by pretreatment. It is
maintained below the specified limit of 0.05 weight per cent by the
Solvent Recovery process.(138) (Sue Chapter IX for a description of this
process.)

Mesityl oxide (CH )2CH = CHCOCR3  (abbreviated MO),is present in un-treated hexone in amounts ranging from 0.2 to 0.7 weight per cent.(101)
(MO is an intcrm(diute product in the manufacture of hexone from acetone.)It has been shown to exert no significant effect on decontamination
factors when present in concentrations of less than 1.0 weight percent.(99,152,156) When present in concentrations of from 1.0 to 3.0weight per cent in the hexone phase, it slightly increases the distribu-
tion of ruthenium into the aqueous phase.(156 )

Mosityl oxide decreases plutonium extraction due to its effect onthe stability of plutonium (VI) . When it is present in concentrations
of 0.02 per cent or greater, it reduces plutonium (VI) (probably toplutonium (V)) with a half-time of one half to one hour. A further re-duction to plutonium (IV) and/or plutonium (III) occurs with half-time
of several hours.(99) Mesityl oxide is effectively removed by pretreat,
ment.

The impurities which might be formed in the oxidation of hexone bynitric and nitrous acids are methyl isopropyl diketone, 1, 1-dinitro-isobutane, and isobutyric, acetic, and other organic acids. These pro-ducts, if allowed to accumulate in the extractant, would affect columnperformance adversely and are therefore removed in the Solvent Recovery
process.

The diketono has no effect on thi distribution of plutonium orzirconium,(1 4 7,174) but in the presence of plutonium (IV) it decomposesto form oxalate ion, causing precipitation of plutonium (IV) oxalate in
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the. 2BP and 3BP streams.(1 8 1,183) The formation of the precipitate is
favored by heating, and any attempt to heat IBP, 2BF, or 3BP Redox streams
should be preceded by the removal of 90-95 per cent of the dissolved organic
compounds.(183) The diketone is quantitatively removed by the caustic wash
in the Solvent Recovery process.(147)

The 1, 1-dinitroisobutane appears to have no effect on column perform-
ance, and is effectively removed in the Solvent Recovery process as are the
organic acids.

4. Aqueous Aluminum Nitrete Solutions

4.01 Introduction

Aluminum nitrate is employed as a salting-out agent in the Redox pro-
cess. It is a highly water-soluble salt of high ionic strength and, con-
sequently, is efficient in effecting the distribution of uranium and plu-
tonium from the aqueous to the hexone phase.

The aqueous Al(N03 )1 systems covered hereunder include those contain-
ing fN03 and NaNO as additional components, and also those containing
Na2CrO, Fe(NH2S3)2, and hexone where data are available. Aqueous
Al(NO3 )solutions which also contain U0 2(NO )2 are treated in Subsection
B5.

4.02 Solubility

The solubility of Al(NO3)3 in water is given in Figure IV-10 as the
zero HNO per meter. A saturated solution at 250C. contains 43 weight per
cent A 3)3 12j, or 2.8 moles per liter based on a density of 1.37
g./1.% 0)

The addition of ENO to the system markedly decreases the solubility
of Al(N0 3 )3 as shown in 'igure IV-10 and Figure IV-11. The latter plots
show also the decreased solubility of Al(N0 3 ) 3 in HN03 with decrease in
temperature.

An approximation to the solubility of Al(N03)3 in aqueous solutions
of NeNO3 at 2000. is given by the linear equation: Y * 42.5 - I, where
Y is the weight per cent of anhydrous Al(N03 )3 in the solution and X is
the weight per cent of NaNO3 .

The solubility of Al(NO ) in multicomponent systems is given in
Figure IV-12 as a function o; emperature for both neutralized and un-
neutr 14gd composite aqueous Redox wastes (Flowsheets ORNL and HW
No.1). For a discussion of the properties of Al(NO3)1 in the waste
neutralization and disposal phases of the Redox process sge Chapter X.

4.03 Density

The densities of aqueous process streams are used throughout the Re-
dox process for numerous purposes, which include: (a) feed make-up analy-
sis; (b) control of process stream compositions; (c) control of column
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performance, flooding, etc. and (d) calculation of H.E.T.S. and H.T.U.
values.

The densities of aluminum nitrate solutions at 180C. are given in
Figure IV-13. Molarity-woight per cent conversion may be read from the
graph or obtained from the general relationship: weight per cent z
molarity x fermula weight, where the molarity and density (in grams per

10x densit
cu.cm.) are taken at the same temperature. A nomograph relating tempera-
ture, molarity, and spegific gravity of aluminum nitrate solutions is
shown in Figure IV-14A.(134)

The densities of aluminum nitrate solutions at several nitric acid
concentrations are included in Figure IV-15.(155)

Densities for multicomponent systems may be calculated from the
equations which with their coefficients of temperature and molarity,
are presented in Tabe I 16. Included are such minor components as
Na2Cr207 and hexone. 1i9

4.04 Viscosity

The viscosities of process solutions greatly affect column perform-
ance through the influence of viscosity on diffusion, velocity of the
dispersed phase, droplet size and the settling rate of entrained drops
of the continuous phase.

Viscosity date Er best expresscd by equations. The equations and
their molar and temperature coefficients are given in Table IV-16 for a
multicomponent system.(155)

4.05 Hydrogen ion concentration, pH

Due to hydrolysis, stoichiometricclly neutral aqueous Al(NO3)3solutions gize an acidic reaction. The pH varies from 1.4 for a 1 0M solution to 0.1 for a 2.4 M solution. Since fission-product decontam-
ination in the IA Column is improved by the use of IAS solution with a
higher pH than that of an untrected aluminum nitrate solution, the IAS
solution is made 0.2 M acid defictent by the addition of NaOH.

The pH of Al(N.J), solutions of various concentrations, as a function
of added acid or base is shown in Figure IV-17. A nomograph relatin
pH, Al(NO3 3 molarity. and !nM0 molarity, is given in Figure IV-14B ,134)

The addition of one or two moles per liter of NaNO3 has little
effect on the pH of acid solutions of aluminum nitrate or uranyl nitrate,
but acid-deficient solutions of cluminum nitrate show about 0.17 pH unitdrop per mole of NaN03 .(172)

4.06 Saturation temperatures

The saturation temperatures of aqueous solutions of Al(NO 3) andBN03 have been determined by both the freezing point (first apperance
of solid phase) and the melting point (last evidence of solid phase).
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Temperature-composition phase disgrams for the A1(NO ) - H 0 and
AltNO ) -HNO 3 - H20 systems ore plotted in Figure IV- 1&ahd FiJure IV-
18.(1 , 9) Extrapolation of the melting point isothcrms of Figure TV-19
to zero concentration of U0 2 (N0j yiclds the following data for the

Al(N03 )3 - EN0 3 - H20 system:

Melting Poipts, Al(N0 3 )3 - W03 - H20 System

A(NO3)3 Molarity

ENO3 Concentration

0.0 M
0.15~ k
0.30 M
0.60 R

At At At At At At

-5 C. -100C. -150C. -200. -25 0C. -30oC.

0.66
0.57
0.52
0.35

1.4
0.95
0.90
0.76

1.32
1.28
1.175
1.04

1.57
1.44
1.36
1.25

1.73
1.62
1.51
1.47

1.66
1.57

Freezing-point datc for neutralized and un-neutralized composite Redox
wastes are included in Figure IV-12. These data cover the ranges 0.8 to

1.6 M Al(N03)3 for neutralized waste, and 1.0 to 2.8 M Al(NO3)3 for un-

neutralized waste.(196) Freezing points ere not changed appreciably by the
presence of process amounts of hexone or sodium dichromate.(149)

4.07 Boiling point

Boiling point and composition data from the batch evaporation of a

stream initially 0.63 molar in both A1(NOa)3 and HNO ore given in Table

IV-20. The data show that upon evaporation of 87 volume per cent of the

original charge, the vapor temperature increases from 99.5 to 11800. as

the Al(N03)3 and HNO concentrations in the residue increase to 5.0 and

1.33 M, respectively.(140) The boiling points of composite Redox aqueous

waste HWj c. 4 Flowsheet) at various A1(N03 ) 3 concentrations are given
below: 61

Un-neutralized Neutralized

Al(NO3 )
Concentraoions,

M

2.532
2.667
2.800

Boiling
Point,

OC.

114
115
116

Al(N0
3)qConcentration,

M

1.328
1.462
1.620

4.08 Specific heat

The specific beets of aqueous Al(N03 )3 solutions are plotted along

with those of U02(N3o3 ) and HNO3 solutions in Figure IV-21. The values

are seen to decrease with increasing salt concentrations.
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Boiling
Point,

0C.

107
109
110
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4.09 Heats of solution DECLASSIFIED
The heats of solution of Al(N03 ) .9H20 at 250C. in water and in 66

per cent HNO3 age t.bulated below. Ail heats are negative, i.e., heat
is absorbed: (1 0

Initial Composition Final Composition Heat of Solution

HNO , Al(Ng3) 9 2 , ENO ,Al(NO ) .920, Ccl./G. Mole of
G. . _ G./i. G. L. Al(N03 )3

923 0 917 16.5 -15,100
917 16.5 914.4 23.0 -11,700

0 0 0 6.6 - 7,200

4.10 Solubility of hexone in aqueous solutions

The solubility of hexone in aqueous solutions is depressed by the
presence of A1(NO3)2, e.g., from 1.87 weight per cent hexone at 250C. in
water to 0.62 weight per cent in 2 M Al(N03 )3 . These solubility date may
be calculated at any desired temperature from 0 to 130OC. for any or all
of the components in the system U02(NO3)2 - Al(N0933 - HN03 - H 0, by
means of the equation and temperature coefficients given in Tbye IV-22.(166)

4.11 Flesh point

The flash point is defined as the temperature at which a solvent gives
off sufficient vapor to produce a flammable vapor-air mixture capable of
ignition by on open flame as determined by certain standard apparatus.
The activity or vapor pressure of hexone over a hexone-satureted aqueous
solution. is sufficiently grect to make the flaming characteristics not too
different from bexone itself.

The flash point of any aqueous system containing hexone is dependent
upon the temperature prevailing at the time of contact with the organic
phase, the duration of storage of the aqueous system, and the conditions
of storage, i.e., temperature and ventilation within the storage vessel.
For example, effluent IAW (ANL Flowsheet, 1.3 weight per cent hexone) has
a Tag closed-cup flash point of 960F.(202) cs.compared to 600C. for hexone
itself. However, IAW stored at 250C. for six week in a closed vessel has
been found to exhibit a flesh point of over 1700F. 202) This high figure
is attributed to decomposition of the hexone in the acid dichromate
system.

5. Aqueous Urrnium Nitrtu Solutions

5.01 Introduction

The properties of aqueous uranium solutions play an important part in
the Redox process throughout the feed preparation step, the IA Column ex-
traction, and the subsequent uranium decontamination cycles. Presented
in this subsection are data concerning aqueous uranyl nitrate systems, in-
cluding those also containing BNO3 , Al(N03 )3, NaNO3 , No201 207, Fe(NH2S03 )2 ,and hexone.
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5.02 Solubility

A saturated solution of uranyl nitrate at 250 C. contains about 72 per
cent by weight of Uo2 (No3 )2 '6H20(13) or 2.6 moles per liter. The tempera-
ture-solubility phase diagram for the U02(N03)2 - H20 system is presented
in Figure IV-23.(48 )

The presence of nitric acid markedly reduces this solubility as shown
by the temperature-composition phase diagram for the U02 (N03 )2 - ENO3 -
120 system given in Figure IV-24.(l44 ) A solution of 60 per cent nitric
acid saturated with respect to uranyl nitrate contains only 23.5 per cent
U02(NO3 )2 by weight at 250C. Additional solubility data are included with
the freezing point data under 5.06, below.

5.03 Density

The densities of aqueous streams containing uranyl nitrate are requir-
ed in feed make-up and control of column performance (IA Column and sub-
sequent uranium decontamination cycles). Density differences between
phases in a two-phase system directly affect droplet size and flooding
capacity, and therefore afford a convenient measure of overall perform-
ance.

A large density gradient exists in both phases in the IA extraction
section, whereas the scrub section shows little change in density with
stage number. Table IV-25 shows the stagewise change in aqueous density
in both the IA and IC Columns as determined by laboratory countercurrent
batch equilibrations. These density profiles are given for the ANL June
1948, ORNL June 1949, and HW No. 4 Flowsheets in the IA Column and for
the ANL June 1948 Flowsheet in the IC Column.

The densities of the system U02 (NO3)2 - Al(NO3 )3 - SNOq - H20 are
plotted in Figure IV-15. The values are seen to increase linearly with
Al(N03 )3 at the low concentrations specified.(155)

The molar and temperature coefficients of equations from which
densities may be computed for any solution in a multicomponent system
are given in Table IV-16. These include such minor components as
Na2Cr207 , Fe(N12S03 )2, and hexone.(155)

Densities at 10000. for the system U02(NO3)2 - HNO -1 20 are
shown in Figure IV-26. Also included are temperature ciefficients
necessary to vert the density at 1000C. to the density at any other
temperature.

5.04 Viscosity

Viscosity data are required for the correlation of column perform-
ance and process flows with aqueous stream compositions (cf. 4.04, above).
The desired data for any combination of constituents in a multicomponent
system mpy be obtained by means of the viscosity equations presented in
Table IV-16.
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5.05 Hydrogen ion concentration,_

The apparent acidity of aqueous solutions of aluminum nitrate and
uranyl nitrate increases with an increase of salt concentration due tohydrolysis. The decrease in pH is illustrated in Figure IV-27 for thesystem UO2(NO3 2 - Al(N03)3 - fN03 (or NaOR) - H2 0.

Sodium nitrate causes a slight lowering of pH in acidAdeficientor neutral solutions, but produces no effect in acid solutions, whilein concentrations up to 0.05 M does not appreciably effect

5.06 Saturation temperature

The temperature-composition phase diagram for the UO2 (NO3)2 -H20 system is shown in Figure IV-23.(48)

The system O)2 - ffO3 -H20 is presented in a similar fashionin Figure IV-2.l4

The melting points of the system 'UO2(NO )2 - Al(NO) HaO 2 0are plotted in Figure IV-18, and the melting ?oint isother s for Thissame system ere shown in Figure IV-19.(149)

5.07 Boiling point

The boili points of the U02 (N03 )2 - E20 system are included inFigure IV-23.( 4 ) The boiling points for the U2(NO - ENOsystem in the 0 to 80 weight per cent Uo2 (No0) and 8 to 60 w;ght percent fN0 3 ranges are shown in Figure IV-26.(

5.08 Specific heat

The specific heat of uronyl nitrate solutions is plotted as a functionof concentration in Figure IV-21, in conjunction with the Al(N0) 3 andHN03 curves. The specific heat varies inversely with solute concentra-tion in all. three instances,

5.09 Solubility of hexone

The solubility of hexone in the aqueous system UO2 CNO3) 2 - Al(N03 )3 -3or any combination of these constituents may be obtained from theequation in Table IV-22. The datc, covering the temperature range from0 to 13000., show thut urnnyl nitrate decreases the solubility whilenitric acid increases the solubility of hexone in the aqueous phase.

5.10 Refractive index

The refractive indices of uranyl nitrate solutions are plotted in
Figure 17-28.
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5.11 Miscellaneous

The following four physical properties of aqueous uranyl nitrate solu-
tions are given in Table IV-29: (a) heat of solution, (b) diffusion coeffi-
cient, (c) partial pressure of aqueous solutions, (d) freezing point lower-

ing of aqueous solutions.

The conversion of concentration units is conveniently handled by the

use of the general equation: weight per cent - molarity x (formula

weight)/(10 x density), where the density (in grams per cu.cm.) and molarity
are taken at the same temperature.

6. Aqueous Plutohium Nitrate Solutions

6.01 Introduction

The physical properties of aqueous plutonium solutions can be con-

sidered of interest in the Redox process only at the final plutonium pro-

duct concentration step, since the plutonium concentration in other pro-

cess solutions is too low to exert an appreciable influence on the physi-

cal properties of the system. The effect of process amounts of Pu in 2BP

or 3BP, even after the concentration step, upon such properties as density,
freezing point, and viscosity, is slight. (See also Chapter VII.) On the

other hand, the chemical behavior of plutonium in solution is of fundamen-

tal importance throughout the entire process. Both types of data are in-

cluded in this subsection.

6.02 Solubility

The nitrates of plutonium are considered very soluble in water.

However, saturated plutonium nitrate solutions require the presence of 1

to 5 moles of nitric acid per liter to prevent hydrolysis and subsequent

polymerization or precipitation of the hydroxide. (See 6.08 concerning

dilute Pu solutions,)

The solubility of Pu(IV) nitrate is in the range of 2.1 to 2.5 moles

per liter at 250C., in the presence of ca. 1.8 tM nitric acid.(51,59) The

appro imate solubility of Pu(VI) nitrate is 2.1 moles per liter at

250C .L50,51)

6.03 Density

The densities of Pa(IV) nitrate - nitric acid solutions are given

below as a function of solution composition: (46)



Pu(NO0)4 Concentration,
M Weight %

0.24
0.28
0.34
o.42
0.59
0.92
1.67
2.59
3.35
3.60

10
11
13
16
21
30
45
66
78
82

HNO3 Concentration,*

2.9
3.2
4.2
5.5
6.1

10.3
14.o
12.0
11.0
12.0

Density, G./u. n.

1.14
1,16
1.20
1.26
1.32
1.52
1.82
1.93
2.08
2.15

*)Estimated from the density equation of Table IV-16 by adding
a Pu(N03 term with a molar coefficient of 0.22. This coefficient
is deri ed from date showing a solution containing 2.5 M Pu(IV)
nitrate end 1.7 M EN03 to have a specific gravity of 1(59)

6.04 Saturation t rLtures

The freezing end melting points of Pu(IV)
given below:(17)

Pu(N03)4 HNO3Ooncentration, Concentration, Freezing
M Weight * Point,OC,

0.76
1.0
1.6

24
30
42
49

12.3
13.2
15.2

-62
-63
-70
-79

nitrate solutions are

Melting Density,
Point, 0C. G./Cu.Cm.(250c.)

-28
-44
-53
-57

1.55
1.63
1.82

*)Estimated as in the table under 6.03 above.

The freezing temperature is given as the point of first evidence of theformation of a solid phase, and the melting temperature as the point of
first evidence of the formation of a liquid phase. The wide spread be-tween the freezing points and melting points in the table above is pro-bably due to super-saturation of the solute in the freezing-point deter-minations.

6.05 Ionic species

All of the plutonium valence states possible in aqueous solutions areencountered in Redox process streams: Pu (III), blue-violet in color;Pu (IV), green (the polymeric form of Pu (IV) stable at pH's above 1.0 to1.3 is brown; see Subsection 6.08 below); Pu (V), colorless; and Pu (VI),pin -orene. The ionic species present in a non-complexing medium are
ZU +%, pu , pu2+ and Pu 2 , all highly hydrated.(78) Pu+4 and pU0 +2however, are complexed by nitrate ion. In 2 M acid the equilibrium con-stant for the reaction, pu+4 + N3 -Pu(N035+ 3 , is ca. 2.9.(74)
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Nitrate ion, therefore, is an effective salting agent for Pu (IV), since it
is probable that Pu (IV) extracts as the nitrate complex or the neutral
molecule. The equilibrium constant for the reaction Pu0+ 2 + NO--
Pu02NO3+, is ca. 0,19 at 8 M nitrate ion concentration.(n18)

Pu (IV) is highly susceptible to complex formation with sulfate ion,
the equilibrium constant for the reaction, Pu++ + HS04- :'PuS0 4+

2 + e,
being ca. 500 at 2.3 molar acid concentration.(75) The distribution of
this sulfate complex in the 2A Column (EW No.4 Flowsheet, 0.1 M sulfate ion
in the 2AF) in the absence of high concentrations of Al(N03 ) 'salting agent
would normally favor the aqueous phase, increasing Pu waste losses in the
2AW. However, process amounts of ferric ion preferentially complex the
sulfate and minimize the difficulty.(42)

6.06 Oxidation - reduction couples

The formal oxidation potentials of the Pu series, defined as the
potentials at which the concentration of oxidized and reduced species are
equal, are given below:(65)

Couple

1. V - VI

2. 111 - IV

3. IV -V

4. II- vi

5. IV -VI

PH

0-5

Reaction

PuO2+ -Pu02+ 2 + e-

0-1.4 + e

1.4-8 Pu+4 + 2H20 -PuO2+ + 4H+ + e

0

0

Pu+3 + 2%20--Pu02+2 + 4H+ + 3e-

pu+4 + 2H20 --ePu%2+2 + 4&+ + 2e-

Oxidation Potential
at 25*C., Volts

(Referred to the
H2.-+21+ Couple

As Zero)

-0.93

-0.96

- 1.004

-1.015

-1.048

Writing the equations with the number of electrons involved on the
right, the sign convention is used whereby the oxidized form of any couple
will oxidize the reduced form of any couple of algebraically greater po-
tential. Conversely, the reduced form of any couple will reduce the
oxidized form of any couple of lower oxidation potential.

Comparing the above Pu couples with the dichromate oxidation poten-
tial: 2cr+3 + 7H20->Cr207 + 14H+ + 6e-; E0 = -1-36; it is seen that
Cr 2 0 7 - is thermodynamically capable of oxidizing the reduced form of any
of the Pu couples listed. 'he ferrous-ferric couple: Fe+2 -+Fe+3 +e-;
E = -0.771, shows that Fe+ will reduce the oxidized form of any of the
Pu couples listed.

6.07 Disproportionation

The most important disproportionation mechanism of Pu is the follow-
ing: 2Pu+4 + 2H20 Pu+3 + Pu02 + + 4H+. This slow disproportionation,
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followed by the more rapid reaction: Pu(+ + Pu+4:PuOL+2 + pu 3 , is
the mechanism for the oxidation of Pu (IV) to Pu (VI) at macro concen-
trations of plutonium, the role of the oxidizing agent being to con-
vert the Pu (III) formed to Pu (IV).

In the reduction of Pu (VI) to Pu II) the above disproportion-
tion mechanism is reversed: Pu02+ + Pu + 41r+ 2Pu+4 + 2H20, th9role of the reducing agent being to reduce Pu02+2 to PuO2+ and Pu+l to

Due to the numerical similarity of the oxidation potentials of Pu
listed in 6.06, above, and to the rapid equilibrium of the electron
transfer reaction: pu+4 + Pu02+a:: Pu02+2 + Pu+ 3 it is possible for allPu species to co-exist in aqueous solution; e.g., a solution of pure Pu(IV) salt in 0.5 M HCl contains at equilibriu at 25aC., 27.2% Pu (III),
58.4% Pu (IV), 13,6% Pu (VI), and 0.8% Pu (v)77)

6.08 Plutonium (IV) polymer

When the acidity of a Pu (IV) solution falls to about 0.01 molar,a polymeric species of Pu (I7) is for-ned in a matter of minutes.(68)
This material is a polymeric hydroxide containing approximately four
hydroxyls per plutonium ion.(0) At an acidity of ca. 0.1 molar, thispolym an be formed at elevated temperatures, but the reaction isslow. k68) etween pH 2.5 and 3, precipitation of the polymer occurs.(65)

The Pu (IV) polymer is a positive colloid which is electrostaticallyadsabed on substances such as paper, sand, and 5lass, which assumenegative surface charges when immersed in water. (72) The conversion ofthe colloid into the nitrate complex occurs slowly in 1 M ENO , the rateincreasing with increasing acid concentration and decreasing if the poly-meric solution has been previously heated. Depolymerization is veryrapid at high temperatures in concentrated HN03 .(72) The oxidatio4 othe Pu (IV) polymer to Pu (VI) by dichromate is slow even at 850C. (11)

Polymeric Pu (IV) may be formed in acid-deficient dissolver solu-tion in any flowsheet and in various process streams in an acid-deficientflowsheet. An ionic Pu (IV) solution, however, is stable for about 1 dayin a solution 1.92 M U02(N03 )2, 0.20 M acid-deficient, contrasting withthe observed very rapid polymerization in acid-deficient aluminum nitratesolutions.92) When the IA Colurn is operated under acid-deficient flow-sheet conditions, the plutonium must first be oxidized to Pu (vI) andmaintained as such by excess oxidant in order to avoid the formation ofinextractable Pu (11) polymer. In acid columns, such as the 2A Column,Pu (IV) remains unpolymerized.

6.09 Precipitation of plutonium

When aqueous plutonium streams, saturated with hexone, are heated to800C., or above, oxalate ion is formed from the methyl isopropyl diketonepresent as a hexone impurity or decomposition product, and precipitates
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the plutonium (IV) as the oxalato. Thus, for those Redox streams which
are heated, a simple strippig loperation removing 95 per cent of the
hexone, is a prerequisite. 11

6.10 Photoreduction and radiation stability of Pu (VI)

The autoreduction and photoreduction of Pu (VI) produce Pa (IV), an
oxidation state which results in high Pu waste losses if present in IA
Column operation (see 6.08 and 6.12).

In the absence of dichromate, the rate (at 250C.) of Pu (VI) reduction
by the products of its own alpha particle bombardment of the ;geous solu-
tion is 0.2 to 0.3 per cent per day of the total Pu present. No reduc-
tion is apparent upon 1 hour's exposure to the beta and gamma radiation of
disslver solution contaiaing 5 curies per liter gross beta radioactiv-
ity. (11 T

Photoreduction of Pu(VI) to Pu(IV) takes place upon the absorption of
light from the blue regions of the visible spectrum. The extent and rate
of reduction are dependent upon light intensity, temperature, acidity,
plutonium concentration, and uranium concentration. The red ct n takes
place to a measurable extent only in the presence of hexone. When an
aqueous uranyl nitrate-nitric acid solution containing originally 0.14
grams of Pu(VI) per liter, 0.10 M Na 2 Cr 2O7 , and 1.3 M Al(NO3 )3, is equili-
brated with hoxone to give an aqueous phase of 0.115 M U0 2 (NO)2 and -0.16 m
HN03 at 256C., the Pu(IV) concentration increases at the rate of about 10
per cent per hour under fluorescent light intensity of 30 to 40 foot-
candles.(198) The increase of Pu (IV) is approximately linear for the
first few hours and varies inversely with uranium concentration.

6.11 Gas evolution

In macro concentrations of plutonium, the intense alpha particle bom-
bardment to which the water of the solution is subjected, causes some de-
composition of the water into gaseous products.(153) The mechanism for
this phenomenon probably involves (a) stripping of an electron from a
water molecule by the alpha particle and (b) reaction of this positively
charged water molecule with a neutral water molecule to form hydrogen per-
oxide and free hydrogen. The peroxide reacts with any oxidizable or reduc-
ible material present or decomposes, liberating oxygen.

The pressure developed on storage of plutonium solutions is a functia2
of free volume of the container. In a system of one milliliter free volume
and three milliliters of solution of 250 grams of Pu per liter, the pres-
sure developed is calculated to be 20 atmospheres in 1 year and 700 atmos-
pheres after about 37 years (at which time all of the water is converted to
hydrogen and oxygen). The corresponding pressures for 25 ml. of free space
are 1.8 and 30 atmospheres, while for 1000 ml. of free space the pressures
are 1.02 and 1.7 atmospheres. The above factors, high pressures and
formation of explosive gas mixturesnecessitate the use of vented vessels
for storage and handling of Pu solutions of high concentrations.(153)
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6.22 Chemistry of plutonium in dissolver solution

The predominant plutonium species in 9n9gid solution of dis-
solved irradiated uranium slugs is Pu(IV). l11) In this valence state
the distribution ratio, Eg, of Pu is too low to insure adequate re-
covery in the IA Column. An increase in pH, e.g., contact with acid-
deficient aluminum nitrate scrub solution, causes rapid polymerization
of the Pu(IV), which in IA Column operation results in high Pu waste
losses to the IAW. Chiefly for the latter reason, the plutonium is
oxidized to the (VI) state before entering the IA Column. This oxida-
tion step is also necessary when filter aids such as Super Filtrol are
employed as scavenging agents, for at pH's from 0.0 to 0.1, Pu(IV) is
alasorbed almost completely on the filter aid and cannot be entirely
removedthus making a fission-product scavenging step impractical. On
the other hand, Pu (VI) is only 10 per cent adsorbed on Filtrol, and
can b? mgre than 99 per cent removed by leaching with dilute nitric

The oxidation of plutonium in Rodox dissolver solutions to Pu(VI),is best accomplished at elevated temporatures 5 - 100*C.) in the pre-
sence of ca. 0.1 M Nv2Cr207 and 0.1 M N03. ll4 There is evidence that
un-complexed Pu(IV) is very rapidly oxadized under those conditions
(50 per cent oxidized in one ninwte) but that a 2 to 4-hour period is
necessary to convert the less recdily oxidizable Pu (IV) species present
in process solutions to Pu(VI).(118)

The rate of oxidation falls off rapidly with increasing HNO con-
centration. (76,118) This effect may be attributed in part, to the
stabilization of Pu(IV) by the formation of nitrate complexes or, if
the mechanism of oxidation invtlves disproportionation of Pu(IV), to
the decreased rate of the following disproportionation reaction at
higher H+ ion concentration according to the law of mass action: 2Pu+4
+ 2H2 0;:Pu+3 + PuO2+ +4H+. This is followed by the reactions ,02+ +pu+hPu0 2+2 + Pu+3, and the oxidation of Pu(III) to Pu(Iv)) Inaddition, assuming that Cr04t is the ion responsible for the oxidation
of Pu(IV), Ht in all probability slows the reaction by suppressing thesecond ionization of chromic acid: HCr04- H+ + Cri0.

6.13 Reduction of Pu in the IB Column

The reduction of Pu(VI) to Pu(III) in the IB Column by ferro ionis rapid, the reactioa being complete in less than 15 seconds.
High concentration of Pu and low concentration of reducing agent favor
the following mechanism: (a) direct reduction of Puo +2 to Pu% + by
?e(II), followed by (b) the reaction, Pu2+ + PU+3 +EW+2Pu+& + 2H20(rate-determining step), followed by (c) direct reduction of Pu(IV) toPu(III). 71,7 6 ) At low Pu concentrations (0.2 to 0.4 grams per liter)such as found in the IB Column, direct reduction of Pu02+2 to Pu(III) ismore probable. The oxidation of Pu(III) to Pu(IV), occurring due tonitrate ion, is slow at room temperature in dilute HNO3, 0.2 M or less 76)
and is prevented by ferrous ion in the IB Column.
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6.14 Chemistry of plutonium in cross-over oxidation

The chemistry of the batch cross-over oxidation step for the conver.
sion of Pu(III) to Pu(VI) between the IB and 2A Columns is similar to the

oxidation of dissolver solution. The reaction proceeds first by the very
rapid oxidation of Pu(III) to Pu(IV) by dichromate ion in dilute nitric
acid(76 ). The rate of reaction of the remaining step, the oxidation of
Pu(IV) to Pu(VI), is a function of several variables: (a) the Pu(IV)
species ( whether uncomplexed Pu(IV), Pu(IV) nitrate complex, or Pu(IV)
polymer), (b) Pu concentration, (c) temperature, and (d) nitric acid con-

centration. The rate and extent of oxidation of Pu(IV) are not materially
affected by concentrations of U02 (N03)2 as high as 1.0 M, or by Cr(VI) co-
centration in the range 1.25 to 5.0 mg. Cr(VI) per milliliter. In Redox

process solutions, which contain approximately 0.2 to 0.4 g.Pu per liter,
the Pu(IV) - Pu(VI) oxidation reaction is slow at room temperatures with

the half-times reported ranging from 7 hours for an OCNL pilot-plant
IBP solution to 80 hours for a synthetic hexone-free IBP solution. The

difference in reaction rates is attributed to the catalytic effect of cor-

rosion products and hexone decomposition products present in the ORNL

IBP solution. Reaction rates for the same conditions with trace quanti-

ties of Pu (0.1 to 2pg./ml.) are faster, with half-times ranging from 80

minutes for a hexon - aturated IBP solution to 33 hours for a hexone-free

synthetic solution, 105) At elevated temperatures (85 to 1000C.) with
flowsheet concentrations of Cr2Ot and HNOq (0.02 and 0.1 M respectively)
It is believed that the reaction will be complete within 2 to 4 hours. In

an aqueous solution comparable to IBP, containing 3.5 M NH4NO3, 0.35 M
BNO3, 42,800 Pu(IV) counts per minute per milliliter, and 0.5 mg. Cr(VI)

per milljlter, the Pu(IV) was 98 per cent oxidized to Tu(VI) in 10 minutes
at 81C. 7 ) A half-time of approximately 1.5 minutes for the oxidation

of trace quantities of Pu(IV) to Pu(VI) yr 20r at 75*c. in an aqueous

1 M HNO3 solution has also been reported.U
6  The difference in rate be-

tween the (III)-(IV) and (III)-(VI) reactions is attributed to the fact

that the (III)-(iV) reaction involves only the transfer of an electron

and does not require the formation or breaking of oxygen bonds as is the

case with the formation of Puo2+2.

The practically instantaneous reaction rate for the oxidation of

Pu(III) to Pu(IV),whioh is complete in less than 20 seconds at 25C.,(l )

Is utilized in the continuous cross-over oxidation, whereby the Pu(III)
is converted to Pu(IV) by the acid and dichromate either in the IBP or 2AF

Tank or in the 2A Column at the ambient temperature (see Section A). The
2A Column is maintained acidic to prevent the formation of the stable,
difficultly extractable Pu(IV) polymer.

7. Suifamic Acid

7.1 Introduction

Sulfamic acid, or rather the sulfamate ion, NR2S03 -, is used in the

Redox process as a holding reductant. The sulfamic acid is required in

this role in all columns in which plutonium is separated from uranium by
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the selective reduction of plutonium to the hexone-insoluble Pu(III)
state, i.e., in the IB, 2D, and 3D Columns. This reduction is accom-
plished by ferrous ion, the role of the sulfamate ion being to prevent
the premature oxidation of Fe(II) to Fe(III) by nitrite ion, and hence
re-oxidztion of Pu(III) to Pu(IV).

7.2 Physical properties

Formula

Molecular weight

S03NH2

97.09

Appearance

Melting point

Solubility in hexono
(water saturated, 24'C.)

Solubility in water: (2, 3,

Temperature,
Cc.

0
10
20
25
30
4o
50
6o
70
80

White crystalline solid, non-
volatile, non-hygroscopic, odor-
lass.(3)

205*C., with decomposition.3)

0.35 g./1.

104)

G. Sulfamic Acid/100 G. HpO

14.68
18.56
21.32
21.80
26.09
29.49
32, 8?
37.10
4l 91
47. o8

In general, all ordinary salts of sulfamic acid are highly solublein water, being in most instances more soluble than the correspondinnitrate or sulfate of that metal.

7.3 Chemical properties

7.31 Acid strength

Sulfamic acid is considered a strong acid, being less strong thannitric acid, but stronger than phosphoric acid.(3) Its pH, as a func-tion of concentration,i as follows:

DECLASSIFIED
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Concentration of
Sulfamic Acid, PH

1.0 0.41
0.75 0.50
0.50 0.63
0.25 0.87
0.10 1.18
0.05 1.41
0.01 2.02

7.32 Hydrolysis

Sulfamic acid hydrolizes according to the equation:(2, 104)

NH2SO3- + H20 VW' + S04*.

The hydrolysis rate at room temperature is slow-- about 0.1 per cent per
day for either a 1 M sulfamic acid or 1 M sulfamic acid, 1 M HNO3 solu-
tion. A similar rate is found for a 1.0 M sulfraic acid, 1.0 M A1(N03)3)
and 0.3 M NO3 solution. The hydrolysis is a first order reaction with
rate constants at 800C. of 0.04% and 0.0825 per hour (i.e., 4.56 and
8.25% dcomposed per hour) for 1 and 10 per cent solutions, respec-
tively.I2,90)

7.33 Reactions

Sulfamate I n reacts rapidly, smoothly, and completely with nitrous
acid to give N2: 1A4

HN02 + NH2S03->Na + SO4 + H20 + a+

War; concentrated nitric acid reacts with sulfamic acid to produce
N2 0 gas.I9O)

Dichromate, permangcnate, and ferric chloride do not attack sulfamic
acid.(2,83,104)

A 0.1 M sulfemic acid solution ozonated for six hours at room tempera-
ture decomposes to the extent of only a few per cent.(177)

8. Ferrous Sulfamate

8.1 Introduction

Ferrous ion is used in the Redox process for the selective reduction
of plutonium to the hexone-insoluble Pu(III) state (see Section A), and is
supplied by commercially available ferrous ammonium sulfate.

The alternative to ferrous ammonium sulfate is the combined reducing
agent and holding reductant, ferrous sulfamate. This substance is not
commercially available, and if required, must be prepared on the plant
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site by dissolving hydro4er.-red cod iron powder in sulfamic acid.

8.2 Physical properties of ferrous sulfamate

Formula Fe(So3 NH2 )2

Molecular weight 248.03

Appearance The 2 TM solution is greenish-blue in
colorj64

Solubility The saturation concentration in water is
in the range of 3.6 to 3.8 M at 250C.(164)

8.3 Reactions and-stability

High pH contributes to the stcbility of sulfamate ion towards
hydrolysis, while low pH is necessary for the stability of ferr6us ion
towards air oxidation and consequent precipitation. The stability of
ferrous sulfwmate toward furric precipitation is satisfactory upon main-
taining the pH at 2 or slightly less with a 2 to 3 per cent excess of
sulfamic acid. (164) The overall stability of a ferrous sulfamate solu-
tion maintained at a pH of 2 in a vessel containing an inert-gas blanket
is limited by the rate of h:drolysis of sulfamate ion. This rate, as
reported in 7.32, above, is appro::imtely 0,1 per cent per day at room
temperature, and increases to over 4 per cent per hour at 80*C. The
total amount of sulfate ion in the solution due to hydrolysis will be
the sum of that produced during the preparation of the ferrous sulfamate
(approximately 1 of initial sulfamic acid) plus that produced on aging.

The reaction between sulfamate ion and nitrous acid, described un-
der sulfamic acid (see above), is the reaction which prevents the oxida-
tion of Fe(II) to Fec(III) through an autocatalytic mechanism involving
nitrite ion.(104,118) In 5.0 M HNO3, where oxidation of Fe(II) to
Fe(III) is normally rapid, sulfamate ion maintains the half-life of
Fe(II) in the range of 30 to 50 hours.(1 84)

In a solution initially 0.9 M Al(N03 )3, 0.3 M HNO3, 0.05 M Fe(II),
and 0.05 M sulfamate ion, 16 per cent of thE total iron is converted to
Fe(III) after 25 days at 20 to 250C. A similar solution, 1.5 M in
Al(N03)3, contains 15 per cent of the total iron as Fe(III) after 5
days, thus still exhibiting satisfactory stability for convenient make-
up of IBX-type solutions. 0

The oxidation of Fe(II) proceeds more rapidly in the presence of
hexone presumably due to the presence of an increased concentration
of nitrous acid. The ferrous iron in a solution initially 2 M
Al(NO3)3, 0.3 M HN03, 0.05 M Fe(II), and 0.05 M sulfamate ion, is more
than 50 per cent oxidized to Fe(III) when agitated at 25*C. for 8 days
with 10 volumes of hexone. The requirement of stability, however, for
a 4-hour column contact is adequately met.(104)
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8.4 Preparation

Ferrous sulfamate is prepared from hydrogen-reduced iron Powder and an
aqueous solution of sulfamic acid by the following reaction: (24,26)

Fe + 23S0 3NH2 -- >Fe(So 3NH2 ) 2 + H2 + 24,600 calories.

A standardized procedure for this preparation is described in Chapter VIII.

9. Interfacial Tension and Phase Disengaging Times

9.1 Introduction

The process of liquid-liquid countercurrent extraction involves inti-
mate contact between two essentially immiscible liquids, during which time
the solute is transferred from one phase to the other across the phase
boundary between the two systems. This desired contact is obtained in the
Redox process by dispersing, in the continuous phase, fine droplets of the
organic phase which, due to the large specific gravity differential; rise
vertically through the more dense, descending aqueous phase. Interfacial
tension in such a system, analogous to surface tension in distillation and
absorption processes, influences the size of the droplets of the discontinu-
ous phase. Smaller droplets are more easily formed with systems of lower
interfacial tension, the droplet diameter being proportional to the inter-
facial tension. Small droplet diameters, in turn, mean increased inter-
facial area resulting in increased solute mass transfer rates across the
interface. The final result is manifested in lowered H.T.U. values.

Too fine a dispersion however, which may result in the formation of
an emulsion, is not desirable, owing to the corresponding increased diffi-
culties of phase separation whigh gutweigh- any advantages resulting from
the increased interfacial area.(i6

The determination of the emulsion-forming properties of a system is
made by measuring the time required for the phases to disengage. The dis-
engagement time correlates approximately with extraction column flooding
capacity and entrainment losses. There seems to be no indirect method of
determining disengaging times, since no reliable experimental correlation
has been found between interfacial tension, density, pH, etc. of process
streams and their disengaging times.

9.2 Interfacial tension

The range of interfci l tension varies from about 11 dynes per cm. for
a water-hexone interface 1lli)to 5.5 dynes per cm. for the interface between
aqueous 2 0 M UO2 (N03 )2 , 0.3 M HNO3 , 0.3 M Al(O3)3, and equilibrated
hexone (145)

Interfacial tension at the extractant, scrub, arAd fee ioints of Redox
columns are given below for the ADL Junn, 1948 Flowsheet.$2
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Inte:facicl Tension, Dnes/cm.
Column Extractant Inlet Scrub Inlet Feed Inlet

IA 7.8 9.8 6.5
IB 10.3 11.0 9.8
IC 11.3 --- 7.8
2A 11.9 11.0 11.9
2B 11.6 --- 11.1

9.3 Disengaging time

Disengaging time has been arbitrarily defined as the time required
for the separation of an organic from an aqueous phase, when the two
have been combined in the appropriate ratio (usually the flowsheet
ratio) to a total volume of 50 ml. and inverted in a stoppered 50-ml,
graduated cylinder at the rate of once per second for 20 seconds.(207)
Typical disengaginj times of IAFS - IAX systems are given below as a
function of flowshcet compositions (IAIPS is def ned as the aqueous
phase composition at the I Column feed inlet):(178)

Disengaging Tires - IA Column Systems*

Disengaging Time,
Flowshoot IAFS Seconds

ANL June, 1943 15
AN June, 1948 i6
ORNL June,1949 20
ORNL June, 1949 20
3W No.4 16
HW No.4 14

*)These data were obtained with solutions from column runs made
with no sodium dichromate in the IAFS.

Acid-deficient systems generally exhibit disengaging times about
10 to 15 per cent higher than corresponding ANTL Flowsheet systems.

Ozonolysis of dissolver solution produces no significant differ-
ence in the disengaging time when compared with an untreated solu-tion. (187)

Although disengaging times for the IA Column as low as 14 seconds
have been observed, a r -s--2 from 15 to 25 seconds has proved satisfac-
tory for column opcrtion. Times exceeding 34 seconds indicate the
presence of impurities which cause emulsification in the IA Column and
generally reduce the flooding capacity of the column to as law as 50
to 75 per cent of the normal capacity.

9.4 Emulsifying impuritis

The presence of emulsifying agents in minute quantities has been
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noted to cause wide variation in the disengaging times of systems of

essentially identical macro-composition. With IAFS-IAX disengaging

time as the experimental criterion, an emulsifying impurity has been

fouf t originate in the metal dissolving step, prior to IAF make-

up. 1 60) This impurity, siliceous in nature, probably results from the
Al-Si slug jacket bonding material, and tends to remain in the aqueous
phase during extraction. However, when the dissolver solution is treated
before use with a scavenger such a Su e Filtrol, it is found that dis-

engaging times return to norxal.(160,1 In contrast, MnO2 scavenging
does not appear to have an appreciable effect on the disengaging time.205)

10. Heats of Extraction

10.1 Introduction

The transfer of uranium and nitric acid from an aqueous phase into

hexone is accompanied by the liberation of heat, and the reverse transfer,
from hoxone to aqueous, results in the absorption of heat. These phenom-

ena are observed during the operation of the IA and IC Columns, respec-

tively, and are of interest since distribution ratios, E8, of uranium,

plutonium, fission products,and nitric acid, show a decrease with an in-

crease in the temperature of the system (see Section C).

The following calorimetric data apply at room temperature and are the
average heats for transfer from initial compositions to equilibrium.

10.2 Uranyl nitrate

Te heats of extraction of several systems containing uranyl nitrate
are tabulated below:(15})

Initial Composition Average A H*,
Hexone Phase Aqueous Phase Gram Cal. /Mole of U02(N03)

0.5 M HN03  1.0 M U02(NO3)2 -5800
0.3 M HO
2.82 M Al NO3 )3

0.5 M U08(NO3)2 H20 +2900
0.1 HN 3

0.5 1 U02(NO3)2 0.3 M HNO 3  +3340
0.1 M ENO3 0.82 M AN110 3) 3

0.5 M U02(N03)2 1.3 L4 Al(NO3 )3  - 460
0.1 R HN03*

) +,CIT = Heat absorbed.

Values of -6ooo and +3500 calories per mole of uranium transferred
have been obtained from the operation of IA and C Columns, respectively,
under conditions of the ANL June 1948 Flowsheet.( 1-9,168) However, a
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variation of IC Column inlet stream temperatures over the range from

190 to 330C. results in no significant change in uranium H.T.U. or
H.E.T.S. values.>~)

10.3 Nitric acid

The heats of extraction of several systems containing nitric acid
are tabulated below:(5 6 , 160)

Initial Composition
Hexone Phase Aqueous Phase

0.5 M HNO3

0.5 M BN0 3

Hexone

H20

0.3 H HN0
0.82M A1ZNO3)3

1.0 M HNO3

Average L H*
Gram-Cal./ Mole HNO 3

+ 70

nil

-1200

*) + AH = Eeat absorbed.

The last figure, -1200 calories per mole for the heat evolved by
the system on the transfer of nitric acid from water to hexone, takes
into account the heats of transfer of water into hexone and herone
into water.

10.4 Hexone and water

The 6H-'s of solution of water in hexone and hexone in wter from
the pure compound to saturat on are +1800 and -2250 calories per mole
of solute, respectively.(1 60) These values are not appreciably affected
by the presence of other solutes.
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C. SEQNE-AQUEOUS PASE EQUILIBRIA

1. Uranium

1.1 Introduction

The successful separation of uranium, plutonium, and fission products,
in the Redox solvent-extraction process, is dependent upon the distributicn
ratios of the individual materials between the aqueous and organic phases
as a function of the composition of the phases involved in the transfer
system. The following tables and figures illustrate the dependency of
uranium distribution upon the process variables. A discussion of the
basic principles involved in the separations process, and the choice of
optimum operating conditions, are presented in Section A of this chapter.

1.2 IA Column conditions

1.21 Effect of salting agent

The salting agent employed in the fedox process is aluminum nitrate.
Its function is to increase the distribution of both plutonium and uranium
into the organic phase. The uranium salting effectiveness of some alter-
nate salting agents is compared with Al(NOj)3 in Figure IV-30. For a
given salting effectiveness, as measured by the distribution ratio,
Al(NO3)3 and CO(NO3)2 are further removed from saturation and are thus
superior to NEl N03 . The effect of NeNO3 has been determined and compered
to Al(N0 3 )3(171). The salting strcngth of 2 M NaNO3 is found to be equiv-
alent to 0.47 M Al(NO3)3 for 0.1 M U02(NO3)2 solutions, and equivalent to
0.40 M Al(NO3)3 for 1.5 M U02(NO312 solutions. The salting strengths of
mixtures of A1(NOq)q and NaNO3 ore additive functions of the salting
strengths of the Inaividual salts.

1.22 Effect of nitric acid concentration

The distribution of uranium as a function of the nitric acid concentra-
tion is illustrated in Figure IV-31 end Table IV-32, where the acid con-
centration in the system varies from 1.0 to -0.2 M. When. the scrub and
feed streams are acid-deficient the use of nitric acid in the extractant
results in a more favorable distribution of uranium into the organic phase
at low uranium eotocttrotions'f(Figure I-33).-Sitea the acid is removed
from the organic stream in the lower portion of the column, the use of an
acid extractent ba little effect on urcnium distribution at the higher
uranium concentrations prevailing nenr the feed point.

1.23 Effect of urnium concentration

The effect of uranium concentration on uranium distribution is shown
in Figure IV-31. At low A1(N03)3 concentrations (below 0.6 M), uranium
distribution increases into the organic phase with on increase in uranium
concentration, whereas at Al(NO3) 3 concentrations 1 M and above, this
effect is reversed, presumably au& to the closer approach to 100 per cent
saturation of the hexone with uranium.
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1.24 Effect of temPeroture DECLASSIFIED
The distribution ratio of irarium as a function of temperature isgiven in Figure IV-34. Over thc temperature range from 0 to 6000., theuranium distribution ratio is seen to very exponentially, increasing infavor of the organic phase at lower temperatures. Under IA Column

conditions, the increese amounts to a factor of about 5 as the temperatureis decreased from 60 to iC.

1.25 Effect of solvent impurities

The effects of five impurities which might be formed from solventdecomposition under off-standard operating conditions are shown inTable IV-35. The data show no significant effect of any of these im-putities on the distribution ratio of uranium in the presence of1.0 M Al(NO3)3 salting agent.

1-3 IA Column equilibrium diagras

Equilibrium lines for the IA Column under the conditions stipulated
in three different flo.sheets (HW-No.4, ORNL June, 1949, and ANL June,1948) are given in Figure IV-36. A uore favorable uranium distribution
in the dilute region is found for the HW end ANL Flowsheet conditions, dueto the use of an acid extroctant. A more favorable uranium distribution
at higher uranium concentrations is shown for the ORNL Flowtheet because
of the higher salting agent concentration. The effect of A1(NO3 )9 con-centration on the equilibrium line for the EW Flowsheet is shown In
Figure IV-37, while Figures IV-38 and IV-39 illustrate this effect for
the 0RNL and ANL Flowsheets. The Al(NO )3 concentrations given include
the equivalent salting effect of the NaNO3 formed during the preparation
of acid-deficient solutions by neutralization with NaOH.

1.4 IC Column conditions

1.41 Effect of nitr c _cid concentration

Uranium distribution as a function of nitric acid concentration underIC Column conditions is shown in Figure IV-40. Distribution into theaqueous phase increases with decreasing nitric acid concentration in theaqueous phase. With an aqueous phase containing 300 g./l. U02 (No 3 )2'3H20(UNT), the uranium distribution ratio (aq./org.) increases from4 to 20 as the aqueous phase E2O 3 concentration is decreased from 70 to0 g./l. This eff-ct is more pronounced at low uranium concentrations
(see 1.42, below).

1.42 Effect of uranium concentration

The effect of uranium concentration on uranium distribution underIC Column conditions, is given in Figures IV-3l and IV-40. Uraniumdistribution into the aqueous phase is markedly increased by a decreasein uranium concentration. As the aqueous phase tf2 (NO3)2 concentrationis decreased from 100 to 10 g./1., a hundred-fold increase of uraniumdistribution into the aqueous phase is noted.
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1.43 Effect of temperature

The absorption of heat during IC Column operation results in a lower'
ing of the temperature of the system. The rclotivoly small effect of temp-
erature on uranium distribution under IC Column conditions is shown in
Figure IV-34. Uranium distribution into the organic phase is seen to in-
crease by a factor of about 2 as the temperature is decreased from 60 to
00C.

1.5 IC Column equilibrium diagrtzs

Equilibrium lines for IC Column operation for varying nitric acid con-
centrations, ore shown in Figure IV-41. The range of nitric acid concentra-

tion, 0 to 70 g./1. in the aqueous phase, is sufficient to permit estimation
of uranium equilibria under conditions other than standard. The slopes of

the equilibrium lines very from 0.85 for X values above 0.6, to a value

approaching 0 in the dilute region. For I values above 0.6 the slopes are

independent of the aqueous phase nitric acid concentration, whereas, for

I values in the range from 0 to 0.1, the equilibrium line slopes increase
by a factor of about 10 (from 0.005 to 0.055) as the nitric acid concen-
tration increases from 0 to 45 g./1.

2. Plutonium

2.1 Introduction

As with uranium, the solvent-extraction characteristics of plutonium
are dependent upon the temperature and chemical compositions of the organic
and aqueous phases comprising the system of which it is a part. There is,
however, in the case of plutonium, the ore. important consideration of
valence state, since the change in distribution ratio with change of
Pu valence provides the principle on which is based the separation of

plutonium from uranium and fission products in the RedcX process.

Much of the data reported on Pu distribution resulted from tracer

investigations in which oxidizing and reducing impurities present in trace

amounts may have changed the Pu oxidation state. Experiments using macro

amounts of Pu more nearly approach column conditions since an appreciable

change in oxidation state is less probable. Apparent inconsistencies in

Pu distribution data are attributed to this phenomenon.

2.2 Plutonium (VI) distribution

t.21 Effect of salting gent

Aluminum nitrate is an efficient salting agent for plutonium (VI), as

shown in Figure IV-42. At a fixed uranyl nitrate concentration, the
plutonium (VI) distribution coefficient (organic/equeous) increases with

increasing aluminum nitrate concentration in the aqueous phase. An aqueous

solution 1.5 molar in Al(N03 )3 is approxinately equal in salting strength

to an 8.0 M NH4 N03 solution, as shown belov.(
63)
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Plutonium (VI)

Concentration of Salting Distribution Ratio,
Agent, Moles/Liter G./L. Org.

Salting Agent in AqueOus Phase G./L. Aq.

NH4 NO3  3.0 0.455
5.0 2.08
8.0 10.53AX(N03)3  0.5 0.076
1.0 1.32

if 1.5 9.09

Aqueous phase: 0.0 M UO2(NOq)2 , 0.0 M HNO3.Organic phase: Pretreated hcxone.

In general, for constant ccidity and uranyl nitrate concentration,the distribution coefficient varies as a straight-line relationship on alog-log plot against salting strength expressed as aluminum nitrate ortotal nitrate concentration.

2.22 Effect of nitric acid concentration

Nitric acid in the aqueous phase increases the distribution ratioof plutonium (VI) in the organic phase as shown in Figure IV-42, but,other factors remaining constant is somewhat less effective then alumi-num nitrate.

2.23 Effect of plutonium concentration

The distribution ratic of plutonium (VI) is not significantlyaffected by changes in the total plutonium concentration in the range ofcompositions found in the Redox procesp .e.4 fr 50 counts per minuteper milliliter to 1.0 gram per liter.(C 9,18,%15)

2.24 Effect of urnium concentration

In neutral or acid-deficient systems 0.5 to 1.0 M in aluminum nitratethe distribution ratio of plutonium (VI) exhibits a minimum value whenplotted as a function of the concentration of urcnyl nitrate in theaqueous phase. (See Figure IV-42.) In the presence of 1.0 to 2.0 Maluminum nitrate, the Pu distribution ratio decreases almost linearlywith increasing urenyl nitrate concentration, due to the "back salting'effect on plutoniu, Af the uranyl nitrate in the organic phase.

2.25 Effect of temperature

It has been shown that temperature chanies in the range from 5 to400. affect plutonium (VI) distribution. (6j) The following data Lremeasurements on annonium nitrate systems, but the effect is paralleledin systems containing aluminum nitrvte:
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Column Conditions

Simulated

IA Feed Plate(a)

2A Feed Plate(b)

Temperature,
C.

7
25
39

5
25
40

Plutonium (VI) Distribution
Ratio, G.A. Organic

G. -.Aqueous

0.417
0.833
0.833

11.23
9.70
7.25

(a) Aqueous phase before
equilibration;

(b) Aqueous phase before
equilibration:

4.0 M NW4NO3, 0.9 M UO2(NO0 3)2,
0.5 R BGN0 3, 0.1 M Cr204, 100 mg./l.
Fu (VI).

8.0 M NH4NO 1.0 M f103, 0.1 M Cr 2 0 ,
500 ;g./I. (V1i).

Unpublished work by the Chemical Research Section Indicates that the

distribution ratio of plutonium (VI) (organic/aqueous), under conditions

approximating the ?A Column varies inversely with temperature, decreasing

by a factor of from 4 to 10 as the temperature is raised from O.to 600C.

However, at high uranium concentrations.. e.g., under IA conditions, this

tendency is reversed, and at 1.0 M UO2(NO3)2 and 1.3M Al(N0 3 ) 3 in the

aqueous phase, the distribution ritio of plutonium (VI) increases slight-

ly as the temperature increases, changing from 0.95 at 0*C. to 1.1 at

600C.

2.26 Effect of solvent impurities

Neither methyl isopropyl diketone nor mesityl oxide exerts a signif-

icant effect on the distribution of plutonium (VI),(147,151) The effects

of acetic acid nd other hexone decomposition products are shown in

Table IV-35. (17 ) Acetic acid (0.6 M) in hexone increases the distribution

ratio of Pu (VI) to about 1.1 as compared with 0.6 in the absence of the

acid. Ethyl nitrolic acid (5 g./1. in hexone) increases the distribution
ratio from 0.62 to 0.97, while the other Impurities listed do not appear

to have any appreciable affect.

2.27 Effect of minor components

Apert from reduction end holding oxidant effects, neither 
sulfamic

acid nor sodium dihp te has en appreciable effect on the distribution

of plutonium (vi).

2.3 Plutonium (V) distribution

The chemistry of plutonium (V) has been found to be similar to that

of neptunium (V) and uranium (V).(10) Therefore, due to the inextroct-

ability of neptunium (V); and to the fact that Pu (V) forms no nitrate
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complexes,(139) it is beli ved that plutonium (V) is relativelyinextractable into hexone.(86,117) The distribution ratio (organic/aqueous) is estimated to be about 10-3.(85)

2.4 Plutonium (IV) distribution

2.41 Comparison with other oxidation states

Plutonium (IV) is extracted into hexone under the same conditions

beal but the distribution ratios are somewhat smaller, as shownbelo 81167,192)

(a) G./L._OrgenicAqueous Composition, D fistribution Ratio, G/. ous

Al(NO3} 3  i92L92 N23 Pu (IV) Pu (VI)
1.3 1.0 0.0 0.36 1.091.0 0.0 0.3 2.01 3.652.0 0.5 -0.2 0.19 2M161.0 1.0 -0.2 .o4 0.89

(a) Aqueous composition after equilibration with pretreated
hexone.

In the Redox process, the distribution ratio of plutonium (IV) isexpressed in the following general equation:

0 , 0 jes'
log10 Ea = 1.41 + 2.5685 log0) CN03 - 0.6307 PH - 1.25 CU2(NO32,

where the cnc ntritions (C) are expressed in moles per liter in theaqueous phase. -;

A more specific relationship from which the distribution ratiosmay be calculated in systems which contain no uranium and in which thedistribution ratio (organic/aqueous) of plutonium (IV) is greater thanunity, is given by:

log1 E= - 1.2057 + 3.0425 log10 CNO3 - 0.3661 pH,
where 0NO_ represents the total nitrate concentration in the aqueous phasein moles er liter.(192)

2.42 Effect of salting agent

Aluminum nitrate is an effective salting agent for plutonium (IV),as shown by Figure IV-43, where the Pu distribution ratio is given as afunctin nf the concentration of aluminum nitrate in the aqueous *phase. An increase in aluminum nitrate concentration from 0.2 M to1.3 _ in the aqueous phase, increases the distribution of plutoniunF(IV)into the organic phase by a factor of about 300. This figure also illus-trates the comparative effects of some alternate salting agents.
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2.43 Effect of nitric acid concentrationS

Nitric acid has much the some effect on the hexone extraction of

plutonium (IV) as it has on that of plutonium (VI), as shown in Figure IV-

44, where an increase in nitric acid concentration in the aqueous phase
is accompanied by a corresponting increase in the distribution ratio of

Pu (IV) in the organic pbase.(5
4,84,118 192)

2.44 Effect of plutonium concentration

The data concerning the effect of plutonium concentration on the dis-

tribution ratio of Pu (IV) are erratic and inconclusive. It has been

stated that in the absence of oxidizing and reducing agents Pu (IV) dis-

tribution ratios are not sigpificantly affected by changes in total Pu

c6nceiftration from 1.5 x 10" to 1.46 grams per liter in the organic

phase.(192'

2.45 2ffect of uranium concentration

T-he distribution ratio of plutonium (IV) as a function of urany.1 92 )
nitrate concentration in the aqueous phase is shown in Figure IV-44''
In neutral or acid-deficient regions, the value of the distribution
ratio passes through a minimum at approximately 0.02 M uranyl nitrate

concentration. At 0.3 M to 0.6 M nitric acid, the distribution ratio
decreases uniformly with increasing uranyl nitrate concentration.

2.46 Effect of temperature

The change in plutonium (IV) distribution with temperature roughly

parallels that of plutonium (VI). From 0.3 M nitric acid solutions

1.3 M in aluminum nitrate, the Pu (IV) distribution coefficient decreases
by a factor of 2 to 5 with a change in temperature from 0 to 600C. In

acid-deficient solutions, this distribution coefficient becomes very
small and the temperature coefficient becomes correspondingly less im-

portant .(142)

2.47 Effect of solvent impurities

The effect of hexone imput'ities on the distribution of plutonium

(IV) is shown in Table IV-35.(174)

2.48 Effect of minor components

The concentration of sulfamic acid in the aqueous phase does not

exert a significant effect on plutonium (IV) distribution.(lo4,192)

2.5 Plutonium (III) distribution

The distribution ratio of plutonium (III), E, is 4.5 x 104
between he;gne and a ..3 M Al(NO3)3 solution which is 0.2 M acid-
deficient. 1,139,192  It is not affected by nitric acid uranyl
nitrate, or plutonium concentration in the aqueous phase. 81)
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2.6 Equilibrium lines

Equilibrium lines for Pu(IV) and Pu(VI) in the IA Column for
3W No. 4 Flowsheet, ANL June, 1948 Flowsheet, and ORNL June, 1949
Flowsheet conditions, and in the 2A and 2B Columns for HW No. 4
Flowsheet conditions are shown in Figures IV-45 iv-46, iv-47, 1i-48,
and IV-49. These equilibrium lines were determined by stagewise cal-
culation methods. For the IA Column, the calculations were based on
the assumption that one plutonium stage is equivalent to one uranium
stage, and that plutonium distribution depends only on the concentrations
of uranyl nitrate, nitric acid, aluminum nitrate, and sodium nitrate,
in the aqueous phase. The concentrations of these components at each
stage were estimated from the results of batch-countercurrent equilib-

std eg.e made with "cold' uranium for each of the three flowsheets.S17 ) Pu(IV) and Pu(VI) distribution ratios for each stage were
estimated by interpolating between points on plots of Pu(IV) and (VI)distribution data t167,192,198) similar to Figures IV-42 and IV-44.
For the 2A and 2B Columns, the calculations were based on the assump-tion? that one plutonium stage is equivalent to one nitric acid stage,
and that plutonium distribution depends only on the concentrations ofaluminum nitrate and nitric acid in the aqueous phase. Nitric acidconcentrations at each stage were estimated from 2A and 2B Column nitricacid operating diagrams similar to those appearing in Chapter V.
Aluminum nitrate concentrations in the 2A Column were assumed to be 1.3 Min the extraction section and 1.26 M in the scrub section. Pu(IV) andPu(VI) distribution ratios were estimated from data reported by theHanford Works Chemical Research Section.(1 67,192) By means of these
distribution ratios and equations for the Pu(IV) and Pu(VI) operatinglines for flowsheet conditions, X cnd Y equilibrium curves were thenconstructed by drawing smoothed curves through these points.

The IA Column will normally operate on feed containing Pu(VI) only,and the Pu(IV) equilibrium lines (dashed lines) on Figures IV-45, IV-46,and IV-47 are shown only to illustrate thct this column cannot extractPu(IV) without large waste losses. The loop in the extraction sectionPu(IV) equilibrium lines for the 3W No. 4 and ALFlowsheets (FiguresIV-45 and IV-46) is caused by the difference in nitric acid concentrationsbetween the bottom and top portions of the extraction section. Pu(IV)equilibrium favors the aqueous phase in the upper portion of the extraction section, because this portion Is low in acid, while Pu(IV) equilib-rium favors the hexone phase in the lower portion which contains a highernitric acid concentr!tion. The net result is that .any Pu(IV) present inthe 1A Column will reflux under the conditions of these flowsheets,reaching concentrations in the center stages of the extraction sectionapproximately 5 to 20-fold higher than the IAF Pu(IV) concentration, andmore than 50 per cent of the Pu(IV) will be lost to the IAW. Pu(IV) doesnot reflux under the conditions of the &RNL Flowsheet (Figure IV-47)since the entire column is acid deficient and Pu(IV) equilibrium favorsthe aqueous phase. Thus, virtually all Pu(IV) would be lost to the 1AWunder the conditions of this flowsheet.

The 2A and 2B Columns can operate satisfactorily on either Pu(IV)or Pu(VI). Both columns were designed to extract the valence state withthe most unfavorable equilibrium relationships (Pu(IV) in 2A, Pu(VI) in
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2B). The equilibrium lines for the design valence state are shown as solid

lines on Figures IV-48 and IV-49, while the equilibrium lines for the other

valence states are shown as dashed lines.

3. NePtunium

3.1 Effect of salting agent

Under acid flowsheet conditions, alumin4 nitrate is en effective

salting agent for both Np (IV) and Np (vIy.(3b) However, under acid-

deficient conditions the stable speci a is Np (V) which is relatively

hexoie inextrectable, as shown below: 36,39)

Initial Composition of
Aqueous Phase, M

Al(N03 3 -BN32r2-7 U02203 2

Np
Distrib4tion

RatQi
G./L.Orgauiq
G. L.AqupWu

IA Scrub (acid)

IA Extraction (acid)

IA Scrub
(acid-deficient)

IA Extraction
(acid-deficient)

IB Extraction (acid)
(0.05 x Fe(NH2S03)2)

1.3 0.21 0.01

0.7 0.15 0.05

2.0 -0.2 0.05

1.0 -0.2 0.00

1.3 0.14 0.00

Organic phase: Neutral hexone, except IA
is 0.5 M ENO3.3

extraction system

3.2 Effect of nitric acid concentration

Neptunium is salted into the organic phase by small 
concentrations

of nitric acid. In neutral or acid-deficient systems neptunium favors

the aqueous phase under both oxidizing and reducing conditions.(
6)

.System
Simulated

0.5

0.5

0.5

0.5

0.5

4.00

1.30

0.12

0.012

0.05

%&W
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Conditions

0.05 Na2Cr2O7

0.05 Fe(NE2SO3 2

Composition of
ALqueous Phase, M

A2l2aW232 No3
0.7
0.7
0.7
0.7
1.3
1.3
1.3
1.3

0.0
0.0
1.0

1.0
0.0
0.0
0.3
0.3

0.0
0.5
0.0

0.5
0.0
0.5
0.0
0.5

Np
Distribution

Ratio,

G.L. :~eu
GL. Ar!

0.3
1.7
0.7

1.5

1.52x10-3
0-35

3.3 Effect of uranium concentration

With increasing uranium concentration, under acid flowsheetconditions, the distribution of Np into the organic phase decreasesslightly both in the extraction and scrub sections of the IA Column.Under acid-deficient conditions, however, increasing uranium reducesthe Np distribution ratio, FJo, (as shown in the following table) inthe scrub section of the IA Column but increases it in the extractionsection. Typical IA-system Np distribution ratios are tabulatedbelow .(36)

Composition of Aqucous Phase, M
U_21NO3 2 A1(NOjj 23 B Crf_

Scrub Conditions:
0.0 2.0
0.5 2.0
0.0 1.3
0.5 1.3

Extraction Conditions:
0.0 1.0
0.5 1.0
1.0
0.0
0.5
1.0

1.0
0.7
0.7
0.7

-0.20
-0.25
0.21
0.21

-0.10
-0.15
-0.20
0.15
0.15
0.15

0.05
0.05
0.01
0.01

0.05
0.05
0.05
0.05
0.05
0.05

Np Distribution Ratio,
.L. ®ranic

0.GL. Aueous

8
0.1
16
4

0.001
0.01
0.02
1.8
1.3
1.3

Organic phase:

In an acid IB Column

about 0.05(E.).

so DI

Neutral hexone,
systems (last 3
was 0.5 M Nf3o

except in acid extraction
lines of table), where it

the distribution ratio of Np is constant at
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4. Fission Products

4.1 Introduction

One of the important bases of the Redox solvent-extraction process

for the separation and purification of uranium and plutonium from fission

products is the fact that, with the exception of ruthenium under certain

conditions, fission products are not readily extracted into the hexone

phase as are uranium end plutonium. The following data show the effects

of operating variables on fission-product distribution and are 
to be

compared to Subsections Cl and 2 for uranium and plutonium distribution.

Emphasis in this suisettbqn is placed on the fission products Ru, Ce,

and the related pair, Zr + Nb. The decontamination factors for these

fission products have proved to be the least satisfactory in the Redox

solvent-extraction process. Zr and Nb are considered as onepartly due

to their common decay chain (see Appndix A) and partly due to the fact

that Hanford-level runs at ORNL.(13) have shown that the decontamination

factors for both elements are essentially the same throughout two solvent-

extraction cycles.

All distribution ratios in this subsection are given as

G./L. Organic Phase, and henceforth, will be designated by the symbol, ER.

G./L. Aqueous Phase

The distribution ratios for the various fission products are pre-

sented first and translation of these distribution data into decontamina-

tion factors are taken up at the end of this subsection.

4.2 Gross bete

The distribution of gross beta radioactivity between hexone and

water in the Redox process is distinct from the distribution of gross

gamma radioactivity. This is due to the fact that the individual

fission products have characteristic radiations which differ from the

radiations of other fission-product elements in three principal ways:

(a) type of radiation (whether beta, gamma, or both); (b) energy of

the radiation (which effects counting efficiency, as discussed in

Chapter II): and (c) half life of the radioactive fission product in

question. The net effect of the first two variables is to alter the

ratio of specific countable bete radioactivity to that of specific

gamma radioactivity between the vartous fission products. This ratio

of beta to gamma radioactivity in a mixture of fission products will

change also as a function of time elapsed after discharge from the

piles, due to the third variable. Other factors which effect the beta-

to-gamma ratio in a mixture of fission products are the pile power

level, duration of irrediation, and the neutron capture cross-section

of the individual fission-product isotopes. The latter variables are

beyond the scope of this chapter.

Typical beta-emitting fission-product distribution ratios are

given below for an extraction and five scrub stages.(137)
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Extraction Scrub Stages

Ste2 14

Distribution
Ratio, SO":

Gross Beta 0.001 0.035 0.047 0.057 0.076 0.10
Ru 0.017 0.034 0.034 0.048 0.074 'O.09

Overall D. F. 215 607 1.3z103 3.1X103 5.5x103 lO.9x103

Feed: (4 vol.) 1.3 M Al(NO3 )3, 0.05 M ocid-deficient,
0.03 M U02(N032'

Scrub: (1 vol.) 1.3 M Al(NO3)3, 0.05 L4 acid-deficient.

Solvent: (10 vol.) Hexone.

The change in gross beta distribution with the number of scrub stages
closely parallels that of Ru distribution. The low concentration of
uranyl nitrate (0.03 M), in the feed shown in the table above, has no
significant effect on gross beta distribution due to the small effect
of uranyl nitrate upon Ru distribution.

Beta-emitting fission-product decontamination factors after head-
end treatment (Ru volatilizetion end MnO2 scavenging) plus first Pu
and first U cycles are included in Reference (121).

4.3 Gross gemmo

4.31 Effect of salting strength and acidity

The effect of Al(N03 ) and HNO3 concentration on total gaCDU-
emitting fission-product distribution; is shown in Figure IV-50. 129)
At an initial nitric acid concentration of 0.2 M in the aqueous phase,
the game-emitting fission-product distribution ratio, Zg, increases
from 5x10-4 to 3.5x104- as the aqueous AI(N03)3 concentration increases
from 0.0 to 2.5 moles per liter.- With 1.25 R Al(N03 )3 in the aqueous
phase the gamse-emitting fission-product distribution ratio decreases
from 2.510-1 to 6.Ox10~ as the initial concentration of ENOq in the:
aqueous phase is decreased from 0.25 M acid to 0.1 M acid-defIcient.
Under the conditions of the solvent-extraction runsi, as given in Figure
IV-50, the distribution ratio, E, levels off at high Al(N03)3 con-centrations and at negrtive free-acid concentrations.

Nitric acid functions much more efficiently as a salting agent
for fission products that it does for uranium; therefore, low acid
concentrations tend to result in improved decontamination.(129)
This effect 3 shown in Figure IV-51 where the separation factor (U
distribution Iatio/fission-product distribution ratio) is plotted
against Al(NO3) concentration at various HNo3 concentrations.(137)
The effect of (NO3 )3 concentration on the decontamination factor,
however, varies in a manner different from that of the separation factor.
Under acid-deficient flowsheet conditions (-0.2 M HN03 in the IAFS)
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the gamma D.F. increases with an increase in the A1(N0 3)3 concentration

up to about 1.4 M Al(N03 )3 and then begins to decrease 
. Under acid flow-

sheet conditions (0.2 M N0 3 in the IAFS) the gamma D.F. increases with

increasing Al(N0 3 )3 concentration only to about 1.0 M A](NO3) 3 before be-

ginning to decrease. The relationship between the decontamination factor

and the separation factor is given by the equation shown in Figure IV-59.

Figure IV-52 is a nomograph relating the gamma-emitting fission-

product distribution ratio to Al(N03)3 and 3N03 concentration.(135)

4.32 Effect of temperature

An increase in temperature decreases the gamma-emitting fission-

product distribution ratio, , exponentially at approximately the same

rate as it does for uranium. (9) The gamma-emitting fission-product

distribution ratio decreases from 0.014 at 14'C. to 0.005 at 5700.
when the initial aqueous composition is 1.25 M Al(N03 )3 , 0.45 4 Hf0 3,

0.02 M U02(NO3)2, and 0.1 M Na2Cr2O; the solvent is neutral hexone; and

the radioactive source, irradiated t235 aged 6 weeks.

The overall effect of decreasing the uranium and fission-product
distribution ratios, ES, by the same percentage is to increase the de-

contamination factor. This may be calculated for a single batch con-

tact by the equation given in Figure IV-59-

4.4 Ruthenium

4.41 Chemical species of ruthenium in process solutions

Ruthenium is known to be prasent in Redox process solutions in 
several

chemical species. These species have, however, been only partially char-

acterized. In experiments ot Hanford Works species of ruthenium have

been differentiated according to their behavior in oxidation to Ru04 and
volatilization. In experiments at Oak Ridge National Laboratory species

of ruthenium have been differentiated on the basis of their behavior in

solvent-extraction. No firm correlation has been established between

the systems of species distinguished by these two empirical methods.

Experiments at Hanford Works have shown at least three different

ruthenium species to exist in dissolver solution. The predominant

oxidation state is postulated to be Ru(IV). The weighted average
distribution ratio, 1$, for Ru in untrected dissolver solution under

IA Column feed point condition (OBNL'Flowsheet) is about 0.008.(187)

The three ruthenium species are designated Al, A2, and B. The distribu-

tion ratios for the various species together with their behavior with

respect to Ru volatilization ore given in Table IV-53A.

Four forms of Ru are postulated by QENL on the basis of solvent-

extraction experiments with Ru tracer: RuA, RuB, PuC, and RuD. Dis-

tribution ratios for these species under highly acid conditions together

with equilibrium constants and reaction half-times between the various

forms are presented in Table IV-53B.

RuD displays a distribution ratio which is most readily explained

by designating it as ruthenium tetroxide, Ru04. The compound is known
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to be sufficiently stable to display a characteristic distribution.(27)
RuC is probably uncomplexed ruthenium in the -4 valence state exhibitinga distribution ratio, EgO, of io-3 to 10-5 depending upon conditions. (34;
113) However, RuD or RuC are not likely to encountered in the extractioncolumns of the Redox Plant because residual amounts of Ru04 remaining inthe dissolver solution after the Ru volatilization step are likely to bereduced by small quantitiep of reducing materials such as oxides of nitro-gen or Crt3 (if not by Pu+ ), and Ru(IV), due to its strong comple-gy rm-ing characteristics, is complexed by reagents such as nitrite ion.

RuA and RuB are thought by ONL to be nitroso complexes of ruthenium,and correlation of available data indicates that RuB corresponds to theHanford Works' ruthenium species B (see Table IV-53). Ruthenium speciesB is present in 10-day old dissolver solution to the extent of ca. 5 percent of the total ruthenium as shown in Table IV-53A. It is a difficultlyvolatilized form of Ru and constitutes most of the ruthbng emainins indissolver solution after a 6-hour volatilization at 95OC. ''Under
acid-deficient flowsheet conditions the ruthenium species B distribution
ratio, 4O, for extraction is about 0.002. This value is in approximate
agreement with the distribution rctio, ER, of about 0.001 given by KAPL(1l3)for the nitroso complex RuNO(NO3)3 under acid-deficient flowsheetconditions (see Sub-subsection 4.48). Ruthenium distribution as a func+tion of nitric acid concentration is given in Figure IV-54.

OPNL's RuA, exhibiting a distributIon ratio, ER, under acid flowsheetconditions of about 7, is the ruthenium species responsible for the poorscrub distribution coefficients chcrocteristicelly displayed by ruthenium.As indicated in Table IV-53, RuA is the dominent species present in thehexone phase after several hours' contact. The date indicate that thescrub distribution ratios, E, will increase with time until the equili-brium concentration of RuA is approached. This effect is verified in theresults of HW-18415(187) in which date for the first and second scrubstages indicate on increase in the distribution ratio to a value greaterthan 1 in some cases, under acid-deficient flowsheet conditions. Thisgeneral increase in Ru distribution ratio in successive scrub stages in-dicates that the elimination of ruthenium at some point in the IA Columnfeed preparation process is highly disirable.

4.42 Effect of salting strength

Under certain conditions, increasing the aluminum nitrate concentra-tion from 0 to 2 M increases the distribution rotio of Ru into hexone by40-fold in the extraction section and 4-fold in the scrub section, asshown in Figure IV-54.(137)

4.43 Effect of nitric acid cncntrtion

The distribution ratio, Eno, of Ru in the extraction section decreasesas much as 400-fold as the HN3O concentration in an Al(NO3)3 -selted systemis decreased from +0.2 M to -0.2 M. As shown also in Figure IV-54, thedistribution ratio, En,-of Ru in the scrub section decreases by a factorof 10 for a similar decrease in the HN03 concentration of the 04ueousphase from +0.2 M to -0.2 M.
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4.44 Effect of uranium ccucentrntion

The distribution ratio of ruthenium is decreased slightly (not ex-

ceeding a factor of 3) in the IA scrub section by the presencq of process

concentrations of uranyl nitrate (0.476 m) in the IAP stream. (133)

4.45 Effect of minor components

Oxidation with 0.1 M NaLCr207 at 950C. for 2 hours increases the dis4-

tribution ratio, Sao, of Ru tracer about 2-fold between a hexone phase and

an aqueous solution containing I K Al(N03 )3 and 0.5 M HN03 .(131) The

effect is not due to a specific impurity in the solvent, since Na2 Cr207

increases the distribution of Ru into dibutyl dellosolve and other sol-

vents as well.(95)

The presence of ferrous sulfamate reduces the Hu distribution ratio,

Ea by a factor of from 2 to 10 between 25 end 7000.(95) These effects

may be due to the oxidation-reduction behavior of the components 
mentioned

toward either Ru itself or toward a component such as nitrite ion.

Mesityl oxide in concentrations of from 1.0 to 3.0 weight per cent

in the hexone phase slightly decreases the distribution ratio, E8, of Ru

in simulate Column extraction and scrub sections under acid flovsheet

conditionsl -0)

4.46 Effect of contact time

In the presence of 0.01 to 0.3 M nitric acid, the distribution

ratio, EO, of Ru slowly increases with increasing time of contact of

the aqueous and hexone phbses.(109) In a 0.2 M acid-deficient system,

the distribution ratio, E2, for extraction remains smell (<10-4) with

time of contact up to 7 days, in either the presence or absence of

dicbromate.(109) The distribution ratio of Ru in the scrub sections,

however, slowly increases as the number of scrub sections is increased

as previously indicated, thus exhibiting a slight effect due 
to contact

time.

4.47 Effect of temperature

At 600C. the distribution ratio, E.> for Ru is lower than the value

at 250C. by a factor of about 2 . the same roduction as that for the

uranium distribution ratio.(133) This effect results in an over-all

increase in the ruthenium decontamination of uranium.

4.48 Distribution of the nitroso complex, RuNO(NO3)n

The distribution ratio for ruthenium from en aqueous solution

containing originally 0.001 M inactive RuNO(NO3 )n' 1 M Al(NO)y end
0.1 M Cr207_, Is given in thie table below as a functio of t& initial

HN0 concentration in the aqueous phase.(113) The subscript n has a

proable value of 3.
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RuNO(NO3)n

Initial HN03  Distribution Ratio, Final HN02Concentration in _G./L. Oranic Concentration in Hexone
Aqueous Phase, M A ueous Phase, ht

0.31 0.384 <10-4
0.1 0.253 <1040.01 0.087 <10-4-0.2 0.0007 <10-4

The hexone phase in these determinations was pre-equilibrated withrespect to ENO-. The final HNO concentration in the hexone phase wasmaintained at nlow value in oraer to eliminate any source of error dueto this variable.

4.5 Zirconium and nlobium

4.51 Chemistry

Most of the beta radioactivity associated with uranium at the endof the first solvent-extraction cycle is due to ruthenium, whie Zrand Nb are responsible for a significant portion of the gamme radio-activity.(137)

The forms of Zr end Nb in process solutions are not well understooddue to their extremely low concentrations (ca. 10-' H in ZAF) and easeof colloid formation, an e ause of their complexes with fluoride,sulfate, and other ion.*137 The +4 oxidation state of Zr is the onlyone encountered in the Redox process. The Zr + ion is stable onlyinh Iighly acid solutions, hydrolyzing to Zr(OH)2++ at a pH above 0.. l7)
4.52 Effect of head-end treatment

After the Ru vo1atilization step of the feed preparation, Zr and Nbmay be effectively removed (90 per cent or more) by a scavenging process,involving the precipitation of MnO2 in the dissolver solution (fromKMnO4 introduced in the volatilization step) end its subsequent removalby centrifugation.(189) Countercurrent batch scavenging (3 contacts) of9W dissolver solution by Super Filtrol lo results in the removal of90 per cent or more of both Zr and Nb.(195 The following data show theeffect of head-end scavenging on Zr distribution and decontamination:
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Zr Distribution Ratio,

G./L. Organic
Head-lnd G. /L. Aqueous Over-all
Treatment Extraction lst.Scrub 2nd.Scrub Zr D.F. Rel.

None 0.00018 0.012 0.15 1.6x1O 1W-15754

None 0.00018 0.033 0.05 1.lxlO5  BW-16076

Three Contacts, 0.0022 0.007 0.19 2.7x107  HW-16076
Filtrol 20 g./1.;
D F. = 584

(oRNL June, 1949 Flowsheet)

As the table above shove, Zr apparently becomes more hexone-extrctable as

the number of scrub stages is increased. This phenomenon, noted also with

ruthenium, makes the head-end removal of Zr very desirable.

4.53 Effect of salting strength

The Zr-Nb distribution ratio, Ea, increases from 4xi0~
4 to 0.16

as the concentration of A4103)3 increases from 0.25 to 2.0 M, as illus-

trated in Figure IV-55.

4.54 Effect of nitric acid concentration

A decrease in the aqueous nitric acid concentration from 0.9 L

acid to 0.1 M apid-deficient decreases the Zr-Nb distribution ratio, Ea,

from 2 to 1x10-4 as illustrated in Figure I-.(l3?) It is believed

that tt low acidity the hydrolyzed zirconium salts are in the form of

non-extractable colloids. As the acidity increases, the proportion of

colloidal or otherwise aggregated zirconium n solutt n decreases, and

in strongly acidic solutions, the Zr, as.2,rO .r Zr , is extractable

into.the organic phase.(
85)

4.55 Effect of minor components

In the absence of dichromate, methyl isobutyl carbinal (MIBC)

does not appear to have a marked effect on the distribution of Zr into

bexoe.(90,148) In the presence of dichromate, the Ztrdistribution ratio,

E8, increases directly with MIBC concentration under acid flowsheet con-

ditions. The data below illustrate this phenomenon:(90)
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Per Cent MIBc in Hexone Zr ER

0.01 (or less) 0.0083
0..10 0.0118
0.10 0.0114
0.20 0.0270
0.20 0.0278
0.25 0.0345
0.23 0.0417
1.00 0.0526

Aqueous phase: 0.7 M BN03, 0.1 M Cr207, Zr tracer.Organic phase: Shell hexone, specially purified,

Under acid-deficient flowsheet conditions, Zr decontamination is notsensitive to MIBC concentrction.(99) Methyl isopropyl diketone andmesityl oxide have no significant effect on Zr distribution.(89)

4.6 Cerium

4.61 Effect of oxidtion state

The distribution ratio, EO, for Ce+4 from a solution 1.2 M A1(N0g)and 0.1 M HNOj is cbout 1. whereas the distribution ratio of Co+3 is 3
the orde of 0.5 to 0.001 depending upon conditions.(lll) The vigorousoxidizing conditions of Ru volatilization, however, result in no increasein the Ce distribution ratio.(179)

4.62 Effect of salting strength

As with other fission products, the Ce distribution ratio, EO. in-creases with increasing Al(N03)3 concentration. Under acid flovaheetconditions the Cc distribution ratio increases exponentially from 0.07to 0.4 aF the Al(O;) concentration increases from 0.8 to 1.25 M, asshown in Figure IV-;6.

4.63 Effect of nitric acid concentration

The distribution of Ce as a function of (iO concentration is alsoillustrated in Figure IV-56. With 1.24 N Al(N0333 in the aqueous phase,the distribution ratio, flu, decreases slowly from 0.5 to 0.2 as theinitial concentration of EN03 in the aqueous phase decreases from 1.0to 0.2 M. The distribution ratio then decreases very rapidly in theregion f soichiometricalreutrality to become r. at 0.1 M acid-deficient. (111)

4.64 Effect of uran.unm concentraticn

The distribution ratio, ErP f Ce from a mixture of AlCN0 ) and
U02(No3)2 salting agents is much lover than that obtained with A1Nd 3)3alone at comparable ionic strengths. This result indicates "back-selt-ing of Ce into the queous phase by the uronium extracted into the
hexone.(lll)
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4.65 Effect'of dichromate
DECLASSWDM

The addition Of Na2Cr2 7 to a solution containing Ce+
3 tracer, 1.2 M

Al(NO) 3, end 0.15 M EN03 , causes the Ce distribution ratio, 
E8, to rise

rapidly and pass through a meaximum at about 0.002 M Na2Cr207.(lll) The

data are plotted in Figure IV-57. Dichromate is more effective in pro-

moting the extraction of Ce than either 10nO4 or NcBiO3 despite the more

negative oxidation potentials of these latter oxidants, hence the convic-

tion that the mechanism of the extraction of cerium involves Cr2O7- in a

role other than, or in addition to, simple oxidation.(iii)

4.66 Effect of cerium concentration

The addition of non-radioactive cerium nitrate, Ce(NO3 ) 3, reduces

the extraction of radioactive cerium tracer. Figure IV-58 illustrates

the effect for an extraction and scrub step. The data indicate that

almost complete exchange takes place between the Ce isotopes. The effect

is of process importance since IAF solutions, 2.0 M in U02(N03)2, contain

10-4 M or more of inactive Cel 4 O.(ll1) The concentration effect con-

tinues into the tracer region. Thus by incrpasing the specific radio-

activity of a cerium solution from 102 to 10 cerium counts/min./ml., the

distribution ratio, ER, decreases by a factor of 2.

4.67 Effect of methyl isobutyl carbinol

The distribution of Ce is not appreciably affected by IBC.(Ill)

4.7 Other fission products

4.71 Cesium

Distribution ratios, ES, for Cs under

conditions corresponding to the ANL (acid)
IA Column extraction section
Flowsheet are given below:(iS)

Concentration of
U02(N03)2
in IAFS,

0
0.5
1.0
1.0

Aqueous phase:

Organic phase:

Concentration of
ENO

in ZU, 1i

0.15
0.15
0.15
0.45

Cs Distribution Ratio,
G L. Orgai
G./L. Aqu22us_

0.00132
=.00447

0.00891
0.00852

0.65 E4 Al(N03)3, 0.05 M Na2Cr207, UO(NO3)2
and HN03 as indicated.

Pretreated hexone, 0.5 M HN0 3.

Experiments show that the presence of 0.3 per cent methyl isobutyl

carbino 1 the hexone has no effect on the distribution ratio of
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4.72 Lanthanum

The distribution ratio, E.O, of La is on the order of v-3 to io-4from a solution 5 Mj in NH4NO end 3 M 2NW, (55) The effect o Al(N 03 )3salting agent is not expecte4 to be significantly different frm thatof NH4N03.

4.8 Fission-product distribution ratios vs. decontamination performance

4.81 Introduction

Presented below is a brief summary of representative distributionratios for the individual fission. products under Redox process conditions.The relationship which exists between individual fission-product dis-tribution ratios and decontamination factors for a single batch contactis indicated. (See Chapter V for performance in countercurrent devices.)The relationship between individual fission-product decontaminationfactors and over-all required D. F.'s ore treated in the form ofequations and graphs, and, finally, decontamination is discussed as afunction of hood-end treatment.

4.82 Distribution ratis

Representative distribution ratios of several fission productsand fission-product species for the extraction stage at the IA Columnfed plate are as follaws: (CL Juno, 1919 flowshcetj

Fission Product Species _ Distribution Ratio, Eo
Total Ru(a) 0.008
Ru Species B(b) o.oo
Zr - Nb 0.00018
Ce 

0.001

(a) The fractions of each form of Ru in dissolver solutionand the change of forms with aging are presented inTable IV-53.

(b) Ru species B (Honford nomenclature) comprises the bulkof the ruthenium remaining after the Bu04 volatilization
procedure.

Ruthenium and zirconiuw show increased extractability into the hex-one phase upon successive scrubbings. Under conditions of the ORNLJune, 1949 Flowsheet the distribution ratios, E> for "unstrippable"Ru and Zr in the second scrub stage of the IA Column are on the orderof 0.5 and 0.15, rospectively. Ruthenium and zirconium, therefore, willfollow the organic strean, leaching out along the way, and ore thefission products which limit the attainable D. F.'s in the Redox process.
4.83 Single batch D. F.

The fission-product decontamination factor effected in a U or Pustream is dependent upon (a) fission- product distribution ratio, (b)

s"# DECLASSIED M
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U or Pu distribution ratio, and (c) the relative organic-equeous flow

rates. Assuming immiscible phases and no volume changes, the decontam-

ination, faetor achieved by a single batch contact is plotted as a

function of fission-product distribution ratio in Figure IV-59. In-

cluded are several U or Pu distribution ratio parameters at constant

flow ratio, and one parameter showing the effect of altering 
the flow

ratio at constant U or Pu distribution ratio. At a constant U or Pu

distribution ratio, E, of 1.0 and an organic-aqueous volume ratio of

2, Tigure IV-59 shows that decreasing the fission-product distribution

ratio from 0.01 to 0.001 increases the single batch decontamination

fcetor from 34 to 340. Likewise, increasing the U or Pu distribution

ratio, E0, or decreasing the organic -to-aqueous volume ratio 
is shown

to increase decontamination. A more extended coverage of these factors

as regards decontamination performance in countercurrent solvent-ex-

traction devices is given in Chapter V.

4.84 Individual and over-all D. F.'s

The over-all D. F.'s for U and Pu reguired of the Redox process

a de pndent upon the irradiation history of the uranium. Assuming

o RE aon Und a 9 day "cooling" period, the gross gamma D. F.

lquire or is 5x100 7nd the gross beta D. P. required is lF.O 7 ,

The gross gamma and ross beta D. F.'s required fO Fanium are tenta-

tively set at 2.35100 and 1.5x106 , respectively. 193)

Correlation of individual fission-product decontamination 
factors

with the over-all decontamination of a final uranium or 
plutonium

stream may be obtained from the following equotion.(1l5) The decon-

tamination factor is defined us the ratio of the initial concentration

of fission products per unit weight of product to the 
final concentration

on the some basis:
n

I1 (d.f.)n

where D. F. = over-all decontamination factor;

Cn = concentration of fission product of species n

per unit weight of product;

i and p = initial and product streams, respectively;

Yn = fraction of radioactivity due to species n in

initial feed stream;

(d.f.)n = individual fission-product decontcmination
factor of species n.

The equation above may be expanded to read.

OFCI$lowE
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D. F. . )------------ ---- 2)
Il X2+ + 3 + in

W- t f ---- 4
(d~.) (~f. WOO~.) (d.f.)n

where 1.2, and 3 refer to Ru, Zr,j Nb, End Ce, respectively. Tesm
Se n (2) refers to all other fission products prsentin untreated dissolver solution. The discussion which follows assumesthat the fraction of the total initial radioactivity of these remainingindividual species is so small and the individual decontamination factorso large in the Redox process that the summation term is negligible incomparison to the first three terms in the denominator of Equation (2).The equation then reduces to

D. iF. = 1. . . . . (3)X1 2 3
(d.f.)l (d.f.)2 (.f.)3

The relationship between beta decontamination factors may be plottedfrom Equation (3) with the use of the following aterage experimental dataon OF? beta radiation spectra:(115)

Fractional Beta Rodioativity of AF

1 (u) X5(Zr t Nb) X3(Ce)

0.057 0.089 0.50

Two cases will be considered. Case I (for Pu) will assume that theover-all beta f. P. required for Pu is io7. The relationships areplotted in Figure IV-60 with various possible Ce decontamination factorsas parameters. Case 11 (for U) will assume that the term Xj/(d.f.)3for Ce is negligible in comparison with the remaining two terms in thedenominator of Equation (3) i.e.; Ce decontamination is adequate. Therelationships are plotted in Figure IV-61 with various over-all uraniumD. F.'s as parameters.

The use of these simple plots is illustrated by the follow ng ex-ample. If the over-oil beta D. F. for U is required to be 10l0 and theexperintl bet decontamination factors from Ru and Zr+ Nb are 104and 10b, respectively, Figure IV-61 shows that the Ru decontaminationfactor must be improved by a factor of about 6 in order to meet the re-quired uranium purity. In Adition, the plot shows that little or noimprovement in uran-ium purity will be achieved by increasing the Zr + Nbbeta decontamnaino factor above 106.

A similar set of plots mty be constructed for gamma radiation de-contmintion fActors from a knowledge of the fractional gamma radiationspectra of IAF solutions.
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4.85 Effect of head-nd tratuent

The improvement in ducontaaintin obtained by the volatilization of

Ru from the. dissolver solution, followed by Zr and ito scnvengingmny make

the elimination of third solvent-xtraction cycles for uranium and

plutonium possible. A summary of S.P.E.U. run datc(121) indicates that

ozonolysis, nitrogen sptrging,or stem sparging of permanganate-oxidized

dissolver solution, followed by MnO2 scavenging, are equally beneficial

to total beta and gamma decontamination. Laboratory results at Hanford

have shown that Ru decontaminotion factors of 20 or more should be consis-

tently obtained by any of the above volatilization procedures. Additional

gamma D. F.'s of 20 are obtained by Zr + Nb scavenging using either Super

Filtrol or co-formed MnO2. When MnO2 is used as the scavenging agent a

beta decontamination factor of the order of 2 is consistently encountered

in scavenging due to Ru and/or Ce removal.(120)

5. Nitric Acid

5.1 Introduction

Nitric acid is prcsont iA varying amounts in both organic and aqueous

phases throughout the process. Its distribution between the two phases is

highly dependent upon the concentrations of Al(NO )I and UO2(NOq)2, as well

as the concentration of the acid itself. For a discussion of the role of

nitric acid in the Redox process, see Section A.

5.2 Effect of salting agent

The effect of increasing aluminum nitrate concentration in the

aqueous phase, at fixed nitric acid and uranyl nitrate 
concentrations

is illustrated by curves 2, 4, and 8 of Figure IV-62. In general, an

increase in aluminum nitrate concentration increases the distribution

ratio of nitric acid in the organic phasof e.g., at 0.5 M UO2 (NO 3 )2,

increasing the Al(N0 ) concentration from 0.5 M to 1.0 M increases the

HN0 3 E0 from 0.5 to u .(194)

5.3 Effect of nitric acid concentration

In the absence of uranyl nitrate, the distribution ratio, E8, of

nitric acid increases linearly as the nitric acid concettrtian in

the aqueous phase increases (curves 2, 4, and 8 of Figure IV-62).

The concentration of nitric acid in hexone which is in contact

with an acid-deficient solution of aluminum nitrate may be calculated

from the equation:(132)

logO(HNO3)org. = -0.74 + 0.4 log 10 (Al(NO3)3 )aq 0.92 PHAq.,

where concentrations are in molorities. The equation is valid over a

range of Al(NO 3 3 concentrations from 1.0 to 1.5 M and a pH range from

0.6 to 2.0.
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then uranyl nitrate is Present in the nquecus phase, the distributionratio, n, of nitric acid decreases with increasing nitric acid concen-tration in the jquecus phase (curves 1,3,5,6, and 7 of Figure IVt.62), ata rate which varies for different solt combinations.

5.4 Effect of uraniumconcntr.tion

Increasing uranyl nitrate concentration in the aqueous phase increasesthe distribution of the nitric acid into the organic Phase, as shown bycurves 1, 2, 3, and 5 of Figure IV-62. At 0.0 M Al(NO3 ),.on increase inuranium concentration in the aqueous phase from 0.5 M 1.0 N incresenthe distribution ratio from 0.2 to 0.33.

5.5 Effect of

An increase in tempereture from OCo. to 600C. decreases the distri-bution ratio, E.0, nitric acid from 0.085 to 0.058 as shown in FigureIv-6j. The relaitionship brtween distribution coefficient and temperatureis approximately linear in this temperature range.(156)

6. Others

6.1 Sulfamic acid

The distribution ratio, E0, for sulfemic acid is given in the follow-ing table as a function of the concentration of the salting agent:(104 )

Distribution Ratio of
___________A~ i/a9anicSalting Agent Sulfamic Acid G. Aqueous> 0 . /L. A ueous

1.0 M Al(No3)3  0.00231.5 H Al(NO3 )3  0.00378.0 H NH4NO3 0.0020

Aqueous phase: 0.3 M HNC3, 0.2 M RH2SO3HOrganic phase: Pretreated hexoneo0. M HNO3.
6.2 Ferrous sulfamate

The distribution ratio, EO. of ferrous sulfamate is about 2x10 4between hexone and an eqeous phase containing 1.3 M Al(N 3 )3, -0.05 BN0 , and 0.04 M Fe(ho2 0 There is evidence th t 0.03 M ( UO N0) 2in he aqueous phase 'noreases this value about three-fold.1(37 3
6.3 Chromium

Chromium, as Cr(III), has en extremely small distribution ratio, E,which appears to be almost independent of chromium concentration and sElt-ing strength in the aqueous phase. The highest E value probably doesnot exceed 3x10-4 where pretreeted hexone is employed. The presence ofmgtry 1 ybutyl carbinal in the hexone, however, may increase this to

DECLASSIRiED



at m
In the hexavalent state, i.e., in the form of Cr2072, chromium is

quite extractable into the hexone phase. The distribution ratio, Ea,

of this ich increases with the acid concentration in the aqueous phase

as shown in the following teble:(102)

Distribution Ratio of

= . L. Oraneic
Cr207 ;_G./L ._Aqueous

0.17 0.170
0.42 0.083

0.080
0.77
1.70
2.61
8.50

0.011
0.0058
0.0001

The distribution ratio for Cr(VI) appears to be little 
affected by

either salting agent concentration or length of contact time.

6.4 Iron

The distribution ratio of iron is dependent upon the oxidation

state. From an aqueous phase containing 8 M NH4NO3 and 02 M HNC the

distribution ratio, E
0  of ferric ion is less than 5x1&-

4 , as co ared

to 4xl0-3 for ferrous ion.(83)

6.5 Aluminum

Equal volumes of 1.3 M Al(N )3 and hekone were equilibrated 
and

analyzed. The organic phase was round to contain 1.1 mg. Al(N03) 
per

liter Te distribution ratio calculated from this datum is about

2x10- .6

6.6 Sodium

The distribution ratio, E&, of sodium is about 2x10-
2 in the

following system:(209)

Aqueous: 1.3 M Al(NO3)3, 0.05 M Fe(NH4)2504, 0.1 M HS03NH2,
0.2 N NaNO3 -- corresponding to 2DS.

Organic; 0.476 M U02(NO3)2, 0.017 M HNG 3 in water-saturated
hexone -- corresponding to 2DU.

Volume ratio: 2DS:2DUT: :1:4.2.

ago
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Formals

Nomenclature

Molecular Weight

Vapor Pressure,

Boiling Point

Change of Boiling

Freesing Point

Density,

00C.
3()*C*

1000C.
115.896c.

Point with Pressure

0*C.
200C.
300C.

Change in Density with Temperature

Cubical Coefficient of flpansiaon

Index of Refraction, nDg

Surface Tension, 25*C.

Pareohor

W .C-C(33)2; C69120
-- Pentmnone; methyl iSobutyl ketone; hexone

100.i6

4.42 an xg.
26.19 -. Hg

468.3 an. Rg
760.0 a. Hg

log1 0Pm - 23.66786 - L790.4 - 5.2566 log10 T
(T - t*C. + P73.15)

115.9*C. at 760 me. Hg
(For a list of reported values see KAPL-8)

dt/dp a 0.046*c./M. Hg

-80.269c.

o.8i86 g./cu. cm.
.Boo.4 g./Cu. oM.

0.7912 g./cu. om.

dt - 0.8186 - 9.00 x 10- 4t - 4.5 x 1-7 t2
d - density (g./cu. cm.)
t - temperature (*C.)

0.00118/*C., 20*C. to 300C.

1.3258

25.4 dynes/cm.

276.5

bc C-san 13.11
Specific Conductance 4.71 x 10'8 ahos/cm.
Viscosity, 00C. 0.769 centipoises

20*C. 0.585 centipoises
25C. 0.546 centipoises
30*C. 0.522 centipoises

latent East of Vaporization 86.5 cel./g.
Specific Rest, 200C. o.459 cal./g.

Neat of Combustion8910 cal./g.

Flash Point, 'g Open Cup 8l0F.
Tag Closed Cup 6067.

Ignition Temperature 496c.

Limits of liaswbilty in Air, UpeOC.
(Per Cent by Volume) So.C.

See SC-48-1 for optical properties such as infrared and ultraviolet absorption and X-ray and
Rmn spectra.
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FIGURE S--4

MUTUAL SOLUBILITIES OF HEXONE AND WATER

SOURCE OF DATA: HW-9851
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DECLASSIFIED HW -18700

iqui Composition,
4 om

wt.%

97.5
921.1
92.8
87.9
87.9
87-9
87.9
90.0
93.5

107.6
110.4
U14.0

0.201
0.656
0.801
1.08
1.00

95.0
97.9
98.4
99.0
99.2

9983

mole %

0.036
0.129
0.145
0.196
0.744

77.1
89.3
91.6
94.7
99.0
99.2
99.3

rap AT *6 n

Vapor 0eoiticm,
-'bron--

wt .%

31.1
62.0
69.2
75.6
75.6
75.6
75.6
76.5
77.7
89.8
92.0
98.0

mole %

8.52
22.7
28.8
35.8
35.8
35.8
35.8
36.9
38.6
61.3
67.4
89.7

Relative Volatility
(lSeams to Water)

layer

258
217
2
284
286
281

Rezne
layer

0.0669
0.0669
0.0669
0.0537
0.0352
0.0160
m.167

0 .o6i4

* ASOPM DA

IMWN-ATU BRM

PRESOMR n-TMPXRATMR - VAPCI OWKSITIC

Pr- e..

27
27
45
49
89

108

110
in
197
207
382
384
752
752
752
760

T.sretU. .- C-

19.8
20.4
25.9
26.9
38.4

22.3
42.8
42.9
55.1
56.o
70.3
70.-
87.5
87.5
87.5
87.93

10810 P (i20) - 8.7942

P - partial Presure in m. a.

latent Neat of Vaporiatisiu

Wt. % Rezone

81.2
81.1
81.0
81.1
79.3
80.4
79.6

79.6
78.5
77.7
77.9
75.9
76.1
76.7
75.7

T - temperature
- 7.9649 -

ina depas Kelvin.

9500 cal./g. of aseotrope (calculated).
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FIGU

EQUIVALENT CONDUCTANCE OF

U0 2(NO 3 )2 AND HNO 3 IN HEXONE AT 25* C.

SOURCE OF DATA: UNPUBLISHED WORK OF
CHEMICAL RESEARCH SECTION

H20 present in less than saturation quantities
20 

0.20

15  
0.15

10 -. 10.0

rH 0 .

w

C

0 0.1 0.2 0.3 0

iMoles /Liter
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FIGURE M-7a

SPECIFIC HEATS OF SOLUTIONS IN HEXONE

SOURCE OF DATA: HW-11841
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HW- V

SOLUBILITIES IN THE SYSTEM HEXONE-HNO 3 H2 0

AT 250.
SOURCE OF DATA: CC-2394

In the portion of the diamna below the saturation
curve the mixture separates into two liquid phases. Thetwo points of contact between a tie line and the satur-ation curve indicate the compositions of two phases
in equilibrium.

0 100

2 Aso

40 60 1

6o 
40

Tie Lines

so 20

100 P e0 20 6011P111111 Go0s 100
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FIGURE IZ-9

DENSITY OF SOLUTIONS OF HNO 3

IN HEXONE AT 25*C.

SOURCE OF DATA: CC-2394
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FIGURE ]V-lO
TEMPERATURE-COMPOSITION PHASE DIAGRAM m

SYSTEM: AI(NO3)3-HNO3 -H2J
SOURCE OF DATA: SEIDELL, PP. 91-93120
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FIGURE I-1,

SOLUBILITY OFAt NITRIC ACID

SOURCE OF DATA: SEIDELL, P. 92
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FIGURE 1VI m
FREEZING POIT AD SOLUBILITY 0

CO AQUOUS WASTES
40SOURCE O DATA: HW-2O3

Mae-pCmosition Ratios ;
eight %/ on a Water-Free Elast - HW -4Nurozd2EN LA

4 ORNL Neutralized4
20 ANNO 3  95.07 90.71 ORNLNoNO 3  2.46 6.63 *Neutralized with 50 */

NoHN03 -164 OOH to a pH of 13
0No fSO4 -7 f0 r higher

C

0

m -200
r-

COP) The 'lot Lod I ine conniect.
CO. the compositirns or tile

:5 ~solutions on th, ri,:Il
(acid) ith fheir art1er

-40 parts on tPe et after
0 0 .5 1.0 neutrali inc wit caus ti ±

1.5 2.0 2.5 3.0Concentration of AlW+,* Moles /Liter &. -,
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DECLASSIFIED H W -18700

FIGURE IU-13
AQUEOUS ALUM IN aE SOLUTIONSDENSITY AND CONCENTRr T Vw CURVES

VECURVES
SOURCE OF DATA: CHEMICAL RUBBER HANDBOOK, P. 1653 (1947)

Grams Al(Noj 3 '9H2O/LitIr

80 200 300 400 500 600
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FIGURE - 15DENSITY (250cj OF AQUEOUS SOLUTIONS OF UO2cNo3)gicNOV 3 HNa
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TA~iL v
(A) cMcMrPMAT cw vxc 1w 3C t 3 M M

0.m flc

- *UU.R. 
A 

1Mc

1 -)
Str.... to vhlch

- A"p1IobU

IASI 'W~, 3DSMfX, AS,
3AS

PAW, A 3D)

* denfity in c./fa.

Aquoua Solution dt
(Bcbs -r*e 1.ir +' * . 0 t-o.ooo0. , t 425 - 0.0036

Aqgxac*-Seltuticm) " 1 0123 -+1 000 9 
t d2s - 0.0040

d . deansty in ',/.; t . t rntu in *.

c) A TB c N i nVFIVCR RmDt SOI MJ O vn A T 'C*
3A 2(N03) 2  2 Al(n ) x N

+ x + p . 3 A1(N03 3 2 (U0 3) 2A1(N03)
o' (N03 ) }X'3 *[i + +.00 . T(&)

n1A '1i1oo jty in illip oi.s.

A.52 P.62 0 
e7( _ _ ) (b)- -9P7 .2) I-01003 0.166, 0.,7,6 0.05"4 006 002

0.0969 - 0.0 089 -0.0023 .o47 0.o40p.9 59 0.242 0..03 
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FIGURE I-17

PH OF ALUMINUM NITRATE SOLUTION

SOURCE OF DATA: ORNL-a4
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A(0

EVAPO~ATIN OF IATED IAw(140)

AfL. June,1948 (Acid) Ylowsheet

Composition Of Feed:

Vapor Overhead
Temper- oL' m ne b NOCut No. ature, a5mt3'

Charge

99.5
102.8
103.3
104.0

104.5
105.0
105.6
106.7

107.8
108.9
110.5
111.6

112.9
113.9
115.0
117.9

0-25.0
25.0-50.0
50.0-52.6
52.6-55.o

55.0-57.5
57.5-6o.o
60.0-52.5
62. 5-65. 3

65.3-67.5
67. 5-70.0
70.0-72.5
72.5-75,0

75.0-77.7
77.7-80.1
80-1-82.5
82.5-87.4

0.01
0.040.08

0,11

0.15
0.200 27
0.39

0.56
0.76
1.12
1.61

2.40
3.28
4.28
5-74

0.63 M Al (No 3 )3' 0.63 3M M3

P siduc
Volume % position,
of Charge AlN 3o 3. NO

100.0
75.0
50.0

47.4
43. 
42.5
40.0
37.5

32.5
30.0

27.5
25.0
22.3

19.9
17.512.6

0.63
0.84
1.26
1.33

1.0 o
1.48

1 68'lit7
1.94
2.10
2.29
2.52

2.82
3.16

3.60
5:00

0.63
0.83
1.23
1.29
1.35

1.42

1.501.58

1.68
1.75
1.84
1.90
1.93

1.88
1.70
1.33

Cumulative
% of NO
Vaporze

0
2
3
3
3

5

5
6

9
13
17
24

33
54
64
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Charge
1
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FIGURE IV-21
SPECIFIC HEATS OF AQUEOUS PROCESS SOLUTIONS

SOURCE OF DATA. AI(N%33 AND U0 2 (NO3)2 -CHEMICAL RESEARCH SECTION
UNPUBLISHED REPORT; HNO 3 -I.C.T.

Molarity AI(NO3)3 or UO 2 (NO3)2
0.6 0.8 1.0 1.2

I I I I I I I I I I
0.4

H1N 3 'N

a

EII0i
0

U)

E

.2

10
Molority HNO 3

I I NJ,

-I-f ,

12

(N

1.4 1.6 1.8

14

K
H-

16 18

1.0 riII
0.2

III

S.1L

I
f-

C

In

1%

2.0

0.9

0.8

0.7

0.6

S.-

4

-it

2

a

rna
rN.

-t

0.5'*0 6

'1

-I
me20.

IN

l



THIS PAGE
NTENI OiALLY

LEFT bLlai

DECLASSIFIED

1-UW- 7&C)

DECLASSIFIED

I



DECLASSIFIED
TABIE 17-22

EQAT M OFILIO XN

U02(NO Al(N0 2 )3-HNO SysTES (16 6 )

Weight % Hexone - s 0 +

Temperature,

0
10
20

25
30
40

50
60
70

80

2.92
2.38
2.01

1.87
1.75
1-70

Y
80
90

100

110
120
130

1.51
1.50

-1.55

1.6<

2.05

2.33
2.57
3.08

f1(t)MAl(NO 3) + f2(t)!bO2(N63)2

1 (ft)

-0.992
-c.306
-0.677

-0.26

-0.528

-0.495
-o.485
-0.495

-0.568
-0.630

-0.713
-0.81o,
-0.931

f 2 t)

-0.751
-0.551
-0.411

-0.356
-0.311
-0.248

"-0.210
-0.195
-0.203

-0.227
-0. 72
-0.333

-0.415
-0.513
-0.632

t U *C.
M = Molarity of the species indicated by subscript position.
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HW-18700

+ f3 03

f 3(t)

+o.499
+0.402
+0.332

+0.304
+0.281
+0.246

+0.222
+0.207
+0.201

+0.202
+0.210
+0.233

+0.244
+0.269
+0.302
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FIGU E -

BOILING POINTS A EZING POINTS

U0 2(NO 3)2-H 20 SYSTEM
SOURCE OF DATA: CL- 697, =l C, 4
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FIGURE M-24

FREEZING POINTS AND SOLUBILITY

U0 2 (NO 3)2 -HNO 3 -H 20 SYSTEMS

SOURCE OF DATA: HW-8309
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TABLE IV-25

aAT FILES

LABOPATOBY CONECRET HEULBAIN

A. Redox IA Column(a)

Stage

Scrub Section
1
2
3
4

Extraction section
5
6
7
8
9

10
11
12
13
14
15
16

B. Bedox IC Column(a)

ANL
June, 194w
FlowsheetN)

1.2688
1.2785
1.2831
1.2826

1. 3361
1.259
1.2202
1.1874
1.1708
1.1538
1.1471
1.1398
1.1414
1.1340
1.1375
1.1357

oRn1
June,. 194c)
Flowsheet c

1.3036
1.3036
1.3037
1.2918

1.3020
1.2432
1.2124
1.2003
1. 893
1,802
1L1757
1 1713
1,1705
1. 1665
1.1728
1.168o

EW No. 4
Flowshoet

1.2951
1.2918
1.2924
1.2924

1.3191
1.2540
1.2259
1.2083
1.1974
1.1856
1.1761
1.1739
1.1726
1.1720

ANL
June,1948
Flowsheet(e)

1.008
1.070
1.192
1.289

(a) Densities are given in g./ml. IA and IC Column entering stream
compositions are given in Table TV-2 for the respective flow-
,sheets. The complete flowshoets are presented in Chapter I,

(b) Source of data: lW-10596(150).

(c) Sourco of data: }W-15209(175),

(d) Source of data: RW-14 _(173).

(e) Source of a 88),
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Stage

1
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4
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H W- 18700

FIGURE Ir-2

BOILm POn AND MWSITY

z20-UO2 (No )2 -HN0 3 SYSTEMS

(Data from CL-697 Ic, 4)

80 - -- 100Teprture
DENSITY, a0 Cofficient

70 6 -

4o

4 8 12 16 2K'
- x -4 g./c..

p 0 VAIUES OF DENSITY ARE GIVEN
- AT 1000C. DENSITIES AT 01TER

t TEMPERATURES MAY BE FOUID BY
USE OF THE EQUATION:

40 - dtvd +(100 - Oac

20-
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30 40 50 60

CEV HNC.
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AI(N0 3 )3 Molarity: -- 0OM,Lr-o.5M, *-.825M,E-.OM,
0-1.3 M, M - I.5M, 0-2.OM. POINTS SOWN ARE FOR\____ \IDENTIFICATION ONLYJ

4.0 -

3.0

2.0

pH

1.0

0.0--

-1.0 -

0.0

1.0-

0.5

0.0

p H

-0.5

-1.0
0.0 05 1.0 I 2.

Molority

3.0

2.0

pH

1.0

0.0

-1.0 .2.0 0.0 0.5

1.0

0.5

0.0

pH

-0.5

0 0.0 0.5 1.0 1.5 2.0
U02(NO 3 )2

DECLASSIED

0.5
-

1.0 15

-

1.0 1.5 2.0

FIG
pH AT 250C. OF AQUEOUS SOLUTIONS OF
UO(NO3)2, HNO 3 (NoOH), AND AI(NO 3)3

SOJRCE OF DATA: HW-14559
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HW-li700

FIGURE

REFRACTIVE INDICES OF U0 2(NO 3)2 SOLUTIONS

SOURCE OF DATA: CL-697, n C, 4
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DECLASSIFIED HW-S700

. ..M.. MWM

mo. t f Sl.9mo,

(nviwet awsee, aL-6w, ie, .4)

Dirttuli coeristent at 20*C.

(Project tsbnk, CL-697, flO, 4.1)

4,
mNSlntbr skat ar 5.1=u I

void"nt am- M61. Malt in 20 mta3s EDP

EsealAble a.t.Aa.

39.1 19 86.8

f.1 n.07 51.9

430.1 5.05 21.1

1.1 2.35 5.43

5M.2 -5.25 -18.8

(East *WIT"4 for Seitive Q)

co.s tim,
Wt.% =mnt Nit"ee

4

9.3

17

29.8

h8

Ditfuslan Ocerfice st
Inte Star at 20C.,

o.687
o.607
0.670

0.661

o.66

o.67o

Pff 0. ! U02 (90 3 )2 at 18*c.
(rom I.C.T. 2. (1929m))

Dnft inlate vater,

DMffwl iA 8 =031

0.58 me..../ay

0."4 sq.om./ay

(Pajoet Zaaftbok, C697, I1C, 4.1)

at ,c. at 10

23.0

725.1

710.7

Prwssaa Fost Lowarta.

(Pojet aiAbook, CL-697, nIc, 4.1)

0.5 Nlar

m5

0.0625

0.03125

2.967 5.93

1.339 5.36

o.666 5.17

0.329 5.26

0.168 5.37
21.8

18.7

17.2
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a DECLASSIFIED HW-187ddT'(

FI
URANUr SRIBUTION

COMPARISON
SOURCE OF DATA:

OF SALTING
C

Ca(N0 3 )2

AGENTS
CN - 3525

AI(NO 3 )3

x
NH 4 NO 3

0

C

C
0

E

.0
I.-

Aqueous phas 0.61 M _U NOS )Z.
Equal volume action t 28 0 C.
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201-

I

10

I I I I I I I I I
o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Fraction of Saturation Concentration at 25 0 C.

o I 2 3 4 6 s i ,O I

NH4 NO3 M
I p I I I I
o 0.25 0.5 0.75 g.o 1.25 1.5 1.75 2.0 2.25 2.5

AI(NO 1 )3 M
I I I I I

o o.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5

Ca(N0 3 )2 M
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HW-187i

HEXONE-WATER-UOg 3) - A I(N0 3 ) 3 -HNO 3 SYSTEM

I00~
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.004-
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0004 -

0002.

J 2 Z .6 .i 2 4 t.;0 20 40
CONCENTRATION OF UO 2(NO3) 2 IN AQUEOUS PHASE, G./L.
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URANIUM NITRATE DISTRIBUTION
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TABLE IV-32

URANIM AND PLUTONIUM DISTRUTION RATIO - ACID-DEICIENT SYSTE(1 6 2)

HEXON-UO2(NO392-. (N03 )3-Na2Cr2o7 SYSTEM

Aqueous Phase Composition, M

HINO3 12(N p)1

-0.197
-0.20

-0.165
-0.22

-0.17
-0.18
-0.17
-0.14
-0.18

-0.20
-0.16
-0.19
-0.17
-0.27

-0.20(c)
-0;20(c)

0.5
0.5
0.5
0.5
0.5

1.0
1.0
1.0
1.0
1.0

2 0
2.0
20
2 0
2.0

1.0
1-0

1.51

1.55
1 69
3.4

3.00
3.005
3.05
3.2
4.96

6.00

6.08
6.94

3.2
5.o

Pu(VI) distribution determined in the presence of 0.05 M
U(VI) distribution determined in the absence of Na2Cr20d

3.15

3.15

2.82
1.65

2 47
2 2
2.26
-2.30

-1.14

1.20
1.15
1.12
1 09
0.92

2.2
1.1

Distribution Ratio, G.L. Org.

E, U(VI)()Ea, PT(vI)(a)

oio45
0.021

0.-026
0.040
0.040

0.37
0.26
0.36
0.89

38.8
18.2
11.7
7.78
2.16

0.38
0.79

Na 2 Cr 2O7 .
and Pu.

'Lutions made 0.20 M acid deficient by the addition of U03 instead of NaOH.

0.136
0.*016
0.034
0.57

0.37
0.36
0.52
1.08

33.4
20.7
15.6

2.90

o.6o
1.09

I
UO2(JOj)2

0

0023

02409705

0.0025
0,025
0.1
0.98

0.0
0.00046
0.00476
0.037
0.47

0.
:1.1

(a)
(b)
(c)

C,>

r11
3mM
0r

C,>irT

rT1
m_.

-J
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FIGURE
URANIUM DISTRIBUTION

2.6

2.4

.2

1.8

1.6

or
Ia-

'1.4

1.2

1.0

0.8

0.6

CQMARItN
IA COLUMN SYSTEM
OF NEUTRAL AND ACID EXTRACTANTS

SOURCe OF DATA: ANL-4329

IAF: 2 V U0 2(N 2

0.2 ! Ac icient

IAS: 2 M AI(N
0.2 M Aci eficient

IAF:IAS:IAX 8 1:1:4

Acidic (0.2 M) Hexone

- Neutral Hexone

0 0.1 0.2 0.3
Concentration of U0 2(NO 3)2 in

0.4 0.5
I I I I I

0.6
Aqueous Phase, Moles/Liter

10

mm
;a

-:n

m,

0
0f I I

3X- 33

I~~~~~~~ ~ ~ ~ I I I I I I I I
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ECLASSIFIED FIG
URANIUM DISTRIBUTION

EFFECT OF TEMPERATURE

IT 
I

0

o 10

U

U

0.1

0

..

3

............J..............

10 "1o 7w 30 40 50 60
Temperature, 0C.

DECLASSIFIED a

Curve Source Concentration M./L (Aqueous Phase)

UPN I#I03 Al(NO 3 N oNO; NleCrg0
I A-239 0.2 0.0 1.5 0.0 0.0
* MON-319 0.02 0.45 1.25 0.0 0.1
3 HW-14446 1.5 0.0 0.0 2.0 0.0
4 NW-1417 1.4 0.4 0.0 0.0 0.0
6 MW41417 1.6 0.0 0.0 0.0 0.0
6 NW4444 0.6 0.0 0.0 2.0 0.0
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DECLASSIFIED Ew-18700

TRnIUM AND PIUTONIUM DISTHIBUTION

(174)

Aqueous Phase: 1.0 M A1(NO3 )2, 0.0 M fN03 and UO (NO )2 as listed. The
initial aqueous solution containe5 o20 mg. Pu/liter
with 0.05 M Na2Cr 20 7 used as the holding oxidant for Pu(VI).

Parenthetical values are distribution ratioP in corres-
ponding solutions in absence of impurity.

Impurity in Hexone

0.60 M acetic acid(a)

0.60 M acetic acid(a)

0.60 M acetic acid a)

37 g./i dinitroisobatan
+ 28 g./1. diketone (b

37 g./l. diitroisobu
+ 28 g./1. diketone &r

U02(0q)2 in
Equilirated

Agueou Phase, M

0.933

0.096

0.003

0.482

0.022

. 4
5 g./l. ethyl nitrolic acid 0.445

5 g./l. ethyl nitrolic acid

10 g./±. oxime(C)

10 g./l. ozime(c)

0.003

0.448

0.002

Distribution Ratio, - - Org.
05 L. Aq.

U02("03)2 Pu(VI) PuIV)

1.225
(1.20)

1.013
(0.96)

1.066
(0.89)

1.13
(0.59)

1.476
(0.62)

1.059 0.679
(1.18) (o.82)

0.75 0.544
(0.65) (0.47)

1.28
(1.18)

0.589
(0.96)

1.19
(1.18)

0.966
(0.62)

0.257
(0.243)

0.514
(0.161)

--- 0.427
(0.243)

0.160
(0.247)

--- 0.294
(0.243)

0.996 0.637 0.226
(0.961) (0.62) (0.247)

(a) Aqueous phase equilibrated with respect to acetic acid.
(b) Methyl isopropyl
(c) Alpha isonitroso ketone.
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HW- 18700

DECLASSIFJME Er -36

1U~iF
COMPARISON OF FLOWSHEETS

ant ncr flr lTA p U IA C IK)l

0.10 0.15

N401 I C I I-4 4 I0 209, AN *0596

-N .4
No I

Scruj Section J noA -N -

E ulllbriumLines- ANL-

The ORNL Equilibrium Line Extractio Section
-Has Been Corred o -- - E brium Lines

Fiowsheet CompoltI
As Given

_ _- Flowshieet omposLtion,IM
H W- Na4 QL-Nigj AN'

NH 2.0 2.0 2.0

HNO -0.2 -0.2 0.3
NaNO3 0.38 0.38 -
NasCrsO 0.! 0.1 0.1

ANN 1.8 2.0 1.3
HNOX -0.2 -0.2 -

NoO 0.2 0.2 -

NaCrO 0.01 0.01 -
IA X

Gram Aquou Grm UNT
0.05

X, Grams UNT
Gram Aqueous Phase (On a UNT - Free Basis)
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HW-18700

DECLABSREOFIGURE I-37

URANIUM EQUILIBRIUM
IA COLUMN SYSTEM

HW-NO. 4 FLOWSHEET

SOURCE OF DATA:

U.

z
C

0.3

0.2

0.2(

0.10

0.05

UNPUBLISHED DATA OF HANFORD WORKS CHEMICAL
DEVELOPMENT AND CHEMICAL RESEARCH SECTIONS

5 --------

5 - - - - - -

-------- Numerals on curves refer
to total equivalent ANN

-- concentration in JAW in gA.
(1g. NaNO 3 0 0.735g. ANN)

NW-No. 4 Flowsheet Compositions
-AF: 2.0 M UNH, -0.2 M HN0 3 ,

0.38 M NaNO3 , 0.1 M Na 2 Cr 207
IAS: 1.8 M ANN, -0.2 I HNO 3 ,

0.2 M NaNO0, 0.01 M Nc 2 Cr2 07
lAX: 0.2 M HNO3, Nexone.

w VU
0

.1

x:

010 015

Grams UNTdram j0Njjf UNT - Free Ba'sis)

020 025
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HW-18700

DECLASSIFIED namr =-3e
URANIUM EQUILIBRIUM
IA COLUMN SYSTEM
ORNL- NO.1 FLOWSHEET

SOURCE OF DATA Unpublished Data of Hanford Works Chemical Development
and Chemical Research Sections.

I i T

Numerals on curves
refer to total

3equvo At NN
I/ oncentrotion In IAW

19 No N OeaO.735g. A NN)

0.00

O.R.N.L.-No. I Flowsheet Composition

IAF| 2.0 M UNH,-0.2M HN0 3
0.1 M NatCr. O,0.38M NaNO3

IAS: 2.0 M ANN,-.2M HNOS.
0.01 M Na 2 Cr 2O,,0.2 M NoNO3

T AX: 0 NO ,Herore.

0.10 0.15 0.20 0

X Grams UNT
Gram Aqueous Phase (On a UNT-Free Basis)
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HW-I700

UR*SFSI UM
DEGISSLO W IA COLUMN SYSTEM

ANL JUNE I. 1948 FLOWSHEET

SOURCE OF DATA: HW-10596

0

5

0
Numerals on curves refer
to total equivalent ANN
concentration in TAW In g./l.

5- ANL June I. 1948 Flowsheet Conditions
IAF: 2.0 M UNH, 0.3 M HNO 3

0.1 M Na 2C2O17
iAS: 1. 3 M ANN

rAX: 0.5M HNO0, Hexone

I IIII: E
0.05 0.10 0.15 0.20 0.25

X G Grams UNT
Gram Aqueous Phase (On a UNT - Free Basis)
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DECLASSIFIED HW- 18

FIGUR

URANIUM DRIBUToN

IC COLUMN SYSTEM

EFFECT OF HNO 3 CONCENTRATION

SOURCE OF DATA: HW-18773

4&9 A 3 Numerals on curves represent

5C. nominal 'NO3 concentrations,

0 and numerals on points represent
actual HNO 3 concentrations In

243 20 the aqueous phase in g./l.

45

78.4 70
23.3

4- ..
23.3

0.0

78.0

41.04 2 0

70.4 - 40.3 .1.

LEGEND 7.4 04.3
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FIGURE 11-41
URANIUM EQUILIBRIUM
IC COLUMN SYSTEM

EFFECT OF HNO3 CONCENTRATION

CUIVqSrqWt~_no4lnaIJ HNQ3 c
in "i atueotqs p*is. * mslter,

l-V

aO6

>: 0.5

0.4

x

0.5 0 0.04
Grams UNT

0.09 0J2 0.16 0.20 .2

I IATA : H IN - 1877 3

7

7045 0

Aqueous Phase On a UNT - Free Basis

0.7 I I I I I I

-j ---- --- O

I1

Naiberi on

rt x

0rn
C,
r
Co
Co
nfl
rn
0

__ li-it

0'
0

LWJ~~W
0.1 0.2 0.3

3ftk

mE
r"

Xp

SOt RCE OF

Gram

0.016

12

0.004so in$ trfIig



Me DECLASSIFIED

THIS PAGE
INTENTIONALLY

LEFT BLANK

mwssMED



DiftCAftD HW-18700

FIGURE E7-42

PLUTONIUM () DISTRIBUTION
EFFECT OF U02(NO3)2,

HNO3. AND AI(NO3)3 CONCENTRATION
SOURCE OF DATA: HW-13760
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O= 0.0
A= 03
l= 06
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